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INTRODUCTION 

The f i r s t  q u a s i - s t e l l a r  rad io  source w a s  discovered i n  1960, and 

during the  pas t  6 years many papers, both observational and theore t ica l ,  

have been published. Since t h i s  is the  f i r s t  review a r t i c l e  on the sub- 

j e c t ,  I have attempted t o  give a mmplete bibliography up t o  November, 
-- 

1966 (somewhat e a r l i e r  than t h i s  f o r  overseas journals) .  A f u l l e r  account 

of the subject  w i l l  be found i n  the book by Burbidge & Burbidge (50 ). 

The name "quas i - s te l la r  object" or "Q,SO" has been adopted here, t o  

cover quas i - s te l la r  radio sources (or quasars) and radio-quiet q u a s i - s t e l l a r  

sources (a l so  ca l led  blue s t e l l a r  objects ,  q u a s i - s t e l l a r  galaxies,  and 

inter lopers  i n  the  l i t e r a t u r e ) .  

Discovery .P 

In  1960 the Owens Valley radio interferometer began producing accurate 

decl inat ion measurements of  sources (167). In  previous surveys the e r r o r s  

i n  decl inat ion had been subs tan t ia l ly  l a r g e r  than those i n  r igh t  ascension. 

There became avai lable  then some sources with posi t ions good t o  about *5" 

i n  both coordinates. Some of these were found t o  be of high radio surface 

br ightness  (small radio angular diameters), and with no obvious o p t i c a l  

object  (such as a galaxy) a t  the  posi t ion.  The f i r s t  &SO t o  be discovered 

w a s  3C 48; within the  small e r r o r  rectangle around the radio posi t ion,  the 

only o p t i c a l  object  v i s i b l e  on a p l a t e  taken with the 200-inch Palomar 

telescope w a s  a 16th mag. "star" with a f a i n t  wisp of nebulosity attached, 

The f i r s t  o p t i c a l  observations were reported a t  the  107th A.A.S. meeting i n  
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December, 1960 (177). 

a t  Palomar and elsewhere, obtained spec t ra  of 3C 48 and saw broad emission 

l i n e s  a t  wavelengths t h a t  d id  not correspond with features  normally seen i n  

emission-line stars. 

Sandage, followed by a number of astronomers, both 

I t  

A radio pos i t ion  o f  3C 273 accurate t o  b e t t e r  than 1 was measured by 

means of a lunar  occul ta t ion of the object ,  observed with the Parkes 210-ft. 

radio telescope by Hazard, Mackey, & Shimmins (103). 

brightness temperature w a s  large,  the  source having a s m a l l  angular diameter. 

As  i n  3C 48, the 

The source had two components, A and B. 

pos i t ion  of component B agreed with t h a t  of a 13th magnitude star, and 

Schmidt (192) obtained spectra  of this and noted t h a t ,  l i k e  3C 48, it had 

some nebulosity associated with it, i n  the  form of a f a i n t  je t  extending 

from the s t e l l a r  object i n  exact ly  the  d i rec t ion  o f  the  separation between 

the two radio components, with component A ly ing  a t  the  end of the o p t i c a l  

j e t .  Schmidt found broad emiss ion  l i n e s  i n  3C 273 and i d e n t i f i e d  them with 

Balmer hydrogen l i n e s  and Mg I1 h2798, s h i f t e d  t o  longer wavelengths by an 

amount z = A A / A  

were able t o  ident i fy  the spectroscopic features  i n  3C 48 and obtained 

z = 0,367 f o r  it. 

Hazard e t  a l .  roted t h a t  the 

= 0.158. Following t h i s ,  Greenstein and Matthews ( 96 ) 
0 

Gene r a l  Prope rt i e s  

Schmidt (193) has described t h e  o p t i c a l  p roper t ies  of the  QSO's as 

follows : 

(1) 

(2)  

(3) 

(4) 

( 5 )  

they are star-like objects i d e n t i f i e d  with radio sources; 

they are var iab le  i n  l igh t ;  

they have a l a r g e  u l t r a v i o l e t  f l u  of radiat ion;  

there  a re  broad emission l i n e s  i n  t h e  spectra;  

the spectrum l i n e s  have large redshi f t s .  
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Bearing i n  mind the  discoveries  made s ince  these def in i t ions  were given, 

we replace (1) by ( la) :  s t w - l i k e  objects  of'ten iden t i f i ed  with radio 

sources, and (4) by (4a):broad emission l i n e s  i n  the  spectra ,  with absorp- 

t i on  l i n e s  sometimes present .  

Regarding property (3), Sandage's photometry of 3C 48 i n  1960 (177, 142) 

gave V = 16.06, B-V = 0.38, U-B = -0.61, i . e .  3C 48 l i e s  well above the  

locus of  main-sequence s t a r s  i n  t h e  two-color diagram, up i n  the  region 

where some white dwarfs, old novae, and r e l a t ed  highly evolved s t a r s  l i e ,  

and t h i s  has been found t o  be a very general  property of QSO's. 

IDENTIFICATION OF QSO ' S 

Quasi -s te l la r  Radio Sources 

O f  t he  proper t ies  of 3C 48 and 3C 273 - small radio diameter, star- 

l i k e  o p t i c a l  object ,  u l t r a v i o l e t  excess in the  o p t i c a l  radiat ion,  and 

pecu l i a r  emission-line spectrum, it is  the  u l t r a v i o l e t  excess 'which has 

proved p a r t i c u l a r l y  valuable i n  making iden t i f i ca t ions  of  g$O Is, once 

accurate radio pos i t ions  a re  avai lable .  Objects i den t i f i ed  i n  the  same 

per iod were 3C 196 and 3C 286 (142). 

5s epben case ;n - Q nnrinr7 ybLAv- of mgid d i scn~re r i e s  it. i s  not possible  

t o  put  the  advances i n  chronological order  by d i r e c t l y  using the  dates  on 

references.  Matthews and Sandage (142) gave the  fundamental o p t i c a l  i den t i -  

f i ca t ions  and da ta  on 3C 48, 196 and 286 i n  a paper completed i n  1962. 

t h a t  time it w a s  general ly  believed t h a t  these objec ts  were l i k e l y  t o  be 

g a l a c t i c  stars. The discovery of 3C 273 came while t h e i r  paper w a s  i n  

p re s s  and thus they added a note i n  proof concerning the  ex t r aga lac t i c  

nature  of these objects .  

rad io  diameters and i n  each case the  only object  within the  e r r o r  rectangle  

A t  

Like 3C 48 and 273, 3C 196 and 286 have small 
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around the radio pos i t ion  w a s  a 17th magnitude s tar .  A wisp of nebulosity 

w a s  seen associated with the s t e l l a r  object i d e n t i f i e d  with 3C 196 but 

none w a s  found i n  the case of 3C 286. 

and the objects l i e  i n  the  same region as 3C 48 i n  the two color  diagram. 

The U, B, V colors were measured 

A l i s t  of posi t ions of op t ica l  objects  found close t o  42 radio sources 

of f a i r l y  s m a l l  angular diameter and accurate radio posi t ions was published 

by Gr i f f in  (98 ). 

cluded s t e l l a r  objects  at the posit ions of 3C 147 and 3C 298, which were 

l a te r  proved t o  be $SO'S. No wisps of associated nebulosity w e r e  found 

around these objects ,  and i n  f a c t  t h i s  feature  is  absent i n  the majority 

of $SO'S now known and has not proved t o  be of use i n  making i d e n t i f i c a t i o n s  

a f te r  the  f i r s t  few cases. The U, B, V colors of 3C 147 and 3C 298 w e r e  not 

measured a t  t h a t  time; G r i f f i n ' s  i d e n t i f i c a t i o n s  w e r e  made s o l e l y  on the 

b a s i s  of a s t a r - l i k e  image being the  only object  seen within the e r r o r  rec t -  

angle around an accurate radio posi t ion.  

In addition t o  3C 48, 3C 196, and 3C 286, t h i s  l i s t  in- 

Hazard, Mackey, & Nicholson (102) obtained very accurate radio pos i t ions  

of more sources by the  l u n a r  occultat<-3n method, and suggested o p t i c a l  ident i -  

f i c a t i o n s  f o r  them; of these,  3C 245 and MSH 14-121 were l a t e r  proved, on t h e  

basis of photometry and spectroscopy, t o  be $SO'S  as Hazard e t  a l .  had sug- 

gested. 

- 

Since the f i r s t  $SOIS were found t o  have u l t r a v i o l e t  excesses, m l e  & 

Sandage made a search f o r  ident i f ica t ions  a t  good radio posi t ions by taking 

two successive d i r e c t  exposures on the same $late,  through a blue and an 

u l t r a v i o l e t  f i l t e r ,  and picking out s t e l l a r  images t h a t  were s t ronger  on 

t h e  u l t r a v i o l e t  exposure. 

rad io  sources of small angular diameter with good radio posi t ions ( 63) and 

found 4 possible $SO'S .  

Longair (130) had searched the  f i e l d s  around 88 

&le & Sandage (175) c e r t a i n l y  i d e n t i f i e d  3C 9 ,  
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216, and 245 as & S O ' S ;  3C 9 and 245 had been suggested by Longair. 

Schmidt & Matthews (196) ident i f ied  3C 47 with a s t e l l a r  object  appearing 

r a the r  blue from comparison of the red and blue Palomar Sky  Survey p r i n t s .  

It w a s  confirmed as a Q,SO by i t s  spectrum, as was a l s o  3C 147, i den t i f i ed  

by Gr i f f in  ( 98).  

Next 

Adgie ( 1 ) i den t i f i ed  3C 254, using a radio pos i t ion  determined with 

the  Royal Radar Establishment interferometer a t  Malvern and G r i f f i n ' s  

measures of pos i t ions  of op t i ca l  objects  i n  the f i e l d s  of radio sources.  

Sandage & Wyndham (188) ident i f ied  11 more &SO'S, by means of pos i t i ona l  

agreement between a s t e l l a r  object and a radio source together  with e i t h e r  

two-color photographic p l a t e s  showing t h a t  t h e  s t e l l a r  object  had an ultra- 

v i o l e t  excess, or t he  observation t h a t  t he  s te l lar  object  appeared s t ronger  

on the  blue Palomar A t l a s  p l a t e  than on the  red. 

The number of i den t i f i ed  o r  possible  QSO's then rapidly increased 
/ 

(Wyndham (232,233), Sandage, Veron, & Wyndham (186)). 

catalogues of  radio sources from Parkes, Cambridge (the 4C), and N M O  were 

A t  t h i s  time, new 

becoming avai lable .  Bolton e t  al. have iden t i f i ed  many possible  QSO's by 

comparing the  Parkes radio posi t ions with the  pos i t ions  of nearby blue 
(26,27,29,30) 

s t e l l a r  objects  on the  Palomar Sky Survey p r i n t s  (3%&,79). Between -20' and 

+20° some 80 possible  Q,SO's have been l i s ted ;  o p t i c a l  confirmation i n  the  

form of U, B, V photometry and spectroscopic observations has been made f o r  

a t  l e a s t  a t h i r d  of these (27, 33, 34 ),QSO's i n  the  f i r s t  sec t ions  of the  

4C catalogue t o  appear have been iden t i f i ed  by Wyndhan (234), Scheuer & 

W i l l s  (191 ), and W i l l s  (230 ). 

Radio-Quiet QSO ' s 

During the  course of searches for i den t i f i ca t ions  by blue and u l t r a -  

v i o l e t  exposures, both Sandage and Lynds (with the  K i t t  Peak 84-inch te lescope)  
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sometimes found u l t r av io l e t  objects t h a t  did not l i e  close t o  the radio 

posi t ions.  Sandage found about 3 such objects  pe r  square degree t o  a 

l imi t ing  magnitude B 

0 
18%. These objects are  of the  same type as  those 

found i n  previous surveys i n  high ga lac t ic  l a t i t u d e s  undertaken by Humason, 

Zwicky, Luyten, I r i a r t e ,  Chavira, Haro, Feige, and o thers .  The relevant 

references are  l i s t e d  by Sandage (179). 

a frequency of about 4 u l t r av io l e t  objects per  square degree t o  B m 19.0. 

Sandage found t h a t  i n  a two-color p l o t  (U-B against  B-V), the  objec' 

divided in to  two groups, those br ighter  and those f a i n t e r  than V = 141150. 

The b r igh te r  objects  l ay  mostly i n  the region where l i e  noma1 f a i r l y  high- 

These previous surveys had yielded 

m 

temperature s t a r s ,  with some i n  the region of metal-deficient old halo 

population s t a r s .  Very few l a y  i n  the region where the  Q,SO1s l i e .  But fo r  

V > 14.50, while some were c l ea r ly  normal high-temperature o r  metal-deficieni- 
m 

I 

s t a r s ,  the majority l a y  w e l l  above the normal sequence, i n  the region where 

QSO's l i e .  

objects  b r igh te r  than magnitude m, Sandage found a change of slope a t  about 

In a p l o t  of log N(m) against  m, where N(m) is the.number of 
0 

15th magnitude, suggesting a change i n  the type of objects  being sampled a t  

t h i s  point,  and concluded t h a t  the majority of the  f a i n t e r  blue s t e l l a r  object: 

a re  ex t raga lac t ic ,  with large redshif ts ,  and in fac t  a r e  Qj30's t h a t  are radio- 

qu ie t  down t o  the  l i m i t s  s e t  by ex is t ing  radio source catalogues. 

ob jec ts  whose spec t ra  were taken, one was a ga lac t i c  s t a r ,  two had continuous 

spec t r a  with no emission o r  absorption features ,  and three were extra-  

O f  six 

ga lac t i c .  Of these,  one had a non-stel lar  image and a small redshi f t ,  but 

two had completely s t e l l a r  images, one with a spectrum indistinguishable 

from the radio Q,SO1s and a la rge  redshif t ;  t h i s  was ca l led  BSO 1. The o ther  

had a similar kind of spectrum and a smaller redshi f t ;  it is Ton 256 

(Ton = Tonanzintla) . 
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0 Sandage concluded t h a t  v i r t u a l l y  a l l  high l a t i t u d e  blue s t e l l a r  ob jec ts  

f a i n t e r  than 15th magnitude are Q,SO's t h a t  are radio-quiet  down t o  limits 

s e t  by the  ex i s t ing  catalogues. 

degree, these would be 500 times aore numerous, s p a t i a l l y ,  than the  Q,SO's 

i den t i f i ed  with radio sources. 

Thus, with a frequency of 4 p e r  square 

The v a l i d i t y  of t h i s  conclusion hinges on Sandage's i n t e rp re t a t ion  of 

the  p l o t  of l og  N(m) against  m, and a l t e r n a t i v e  in t e rp re t a t ions  were given 

almost immediately by Kinman (125) and by m d s  & Vi l l e re  (138). With more 

recent determinations of the  density of horizontal-branch type stars i n  the  

ha lo  of our Galaxy as a function of dis tance from the  plane, and new e s t i -  

mates of the  frequency of white dwarfs, Kinman found t h a t  the  observed 

log  N(m) v s  m p l o t  could be well represented by a combination of these .  

riynds and Vi l l e r e  reached e s s e n t i a l l y  the  same conclusion. Thus the  bulk 

of t h e  objec ts  in question are probably g a l a c t i c  s t a r s  - white dwarfs mostly, 

evolved hot  sub-dwarfs, and halo s t a r s  of the  horizontal-branch type.  This 

conclusion was supported by a random sampling of  spec t r a  of 12 stars of about 

16 th  apparent magnitude by Kiman (125); 7 were found t o  be white dwarfs, 4 

, 

0 

were horizontal-branch stars, and 1 w a s  a hot sub-dwarf star. 

'Tnere a re  undoubtefiy a n u ~ ~ b e r  of c m p a c t  blce g a l a l e s  m m g  t h e  b l w  

s t e l l a r  ob jec ts ,  as discovered by Humason & Zwicky (117), Zwicw (237), and 

Haro (100). 

Q,SO's, using colors  and zero proper motion as c r i t e r i a .  

have been seen t o  show l i g h t  va r i a t ions .  Van den Bergh (223) has a l so  pre- 

pared a l i s t  of f a i n t  blue objects with excess u l t r a v i o l e t  rad ia t ion ,  and 

some vary i n  l i g h t .  

Sandage & Luyten (183) have i so l a t ed  a l a r g e r  sample of possible  

Some of these  objec ts  

A t  present  it is d i f f i c u l t  t o  es t imate  t h e  t r u e  frequency of  g$O's 

among the  f a i n t e r  blue s t e l l a r  objects  i n  the  high l a t i t u d e  surveys. Kinman 



estimated tha t .  it w a s  20% o r  l e s s  of Sandage's es t imate .  

i f  Sandage's numbers were reduced by a f a c t o r  10, these Q,SO's would s t i l l  

be about 50 times more neurlerous s p a t i a l l y  than the  @O's  i d e n t i f i e d  with 

radio sources. 

However, even 

Table I l i s t s  known and probable @O's  with coordinates,  photometry, 

and r edsh i f t s  where measured. 

Haro-Luyten catalogue of blue stellar objec ts  (101), and Ton denotes the  

var ious l i s t s  by Chavira & I r i a r t e  (118, 60, 61). 

An object  l e t t e r e d  PHL i s  from the  Palomar- 

Not a l l  suggested iden t i -  

f i c a t i o n s  are  given i n  Table I, only those with some supporting evidence 

besides  p o s i t  ion coincidence. 

LINE SPECTRA OF QUASI-STELLAR OBJECTS 

The f i r s t  spectrogram of 3C 48 was obtained i n  1960 by Sandage. 

spectroscopic work w a s  car r ied  out by Greenstein, Mbch and o thers  on t h i s  

ob jec t .  

Ear ly  

Following h i s  discovery of the  r edsh i r t  of 3C 273, Schmidt was 

l a r g e l y  responsible f o r  a l l  of the spectroscopic observations of the  Q,SO's 

u n t i l  1964 when o thers  entered the f i e l d ,  namely, Lynds and colleagues a t  

K i t t  Peak National Observatory with an image tube spectrograph, Burbidge & 

Kinman a t  Lick with a conventional spectrograph and more recent ly  with an 

image tube /  Dibai & Pronik with an image tube spectrograph a t  the  Crimean 
spectrograph, 

s tat  ion of the  Sternberg I n s t i t u t e ,  Andril lat  & Andr i l la t  at Haute Provence, 

Ford & Rubin with an image tube spectrograph a t  Lowell and K i t t  Peak, and. 

H i l tne r  and colleagues with an image tube spectrograph a t  McDonald. 

Line Iden t i f i ca t ions  

The i d e n t i f i c a t i o n  by Schmidt (1%') of 4 broad emission l i n e s  i n  the  

b r i g h t e s t  Qj30, 3C 273, as the  Balmer l i n e s  Hp-Hc with a r edsh i f t  z = 0.158, 

provided the  break-through in understanding the  l i n e  spec t ra  of these objec ts  



by demonstrating t h a t  considerable r e d s h i f t s  are present .  From the  red- 

s h i f i  given by the  Balmer l i nes ,  Schmidt i d e n t i f i e d  a broad emission fea ture  0 
as a blend of the  Mg I1 doublet AX 2796, 2803, which had h i t h e r t o  only been 

seen i n  s o l a r  spec t ra  taken outside the  Ea r th ' s  atmosphere. Oke (155) de- 

t ec t ed  Ha i n  3C 273. 

The A2798 fea ture  was then iden t i f i ed  by Greenstein & Matthews (96 ) 
l a r g e r  

i n  3C 48, and t h i s  toge ther  with severa l  o the r  emission l i n e s ,  gave a/red- 

s h i r t  f o r  t h i s  object .  A de ta i l ed  ana lys i s  of  3C 48 and 3C 273 was then 

ca r r i ed  out by Greenstein & Schmidt (97 ), 

The i d e n t i f i c a t i o n  of 17th and 18th  magnitude s t e l l a r  ob jec ts  with 

rad io  sources, i n  conjunction with the  r edsh i f t s  found f o r  3C 273 and 3C 48, 

and, later, f o r  3C 47 and 3C 147 by Schmidt & Matthews (196), suggested t h a t  

ob jec ts  with r e a l l y  la rge  redshif'ts might be found ( 38 ). In these  spec t r a  

the  u l t r a v i o l e t  wavelength region normally inaccessible  from ground-based 

instruments, and therefore  a t  t h a t  t ime unobserved except i n  the  sun, could 

be expected t o  be s h i f t e d  i n t o  the v i s i b l e  region, posing a considerable 

problem i n  ident i fy ing  the  l i n e s .  The l i n e s  found i n  3C 48 and 3C 273 ( a l l  

emission l i n e s ,  and a l l  very broad) besides  the  Balmer l i n e s  and Mg 11, are 

due t o  [0 111, [0 1111, [Ne. 1111, [ N e  V I .  These a re  the  s o r t  o f  fea tures  t o  

be expected i n  hot  gaseous nebulae with physical  conditions similar t o  those 

of p lane tary  nebulae, i n  radio galaxies l i k e  Cygnus A, and i n  nuc le i  of 

Seyfer t  galaxies .  Osterbrock (158) had prepared a l i s t  of emission l i n e s  

t o  be expected i n  the  u l t r a v i o l e t  spec t r a  of  planetary nebulae, with com- 

puted r e l a t i v e  i n t e n s i t i e s .  Schmidt (194) compiled a search l i s t  of emission 

l i n e s  with which he iden t i f i ed  emission fea tures  i n  5 more &SO'S, a l l  of 

which proved t o  have very l a rge  redshi f t s ,  running up t o  z = 2.012 i n  3C 9, 

i n  which, f o r  the  first tine, Lyman cy was seen as a s t rong emission fea ture .  

' 0  

- 9 -  



A search l i s t  similar t o  Schmidt's is given i n  (50 ). 

0 The four  s t rongest  emission l i n e s  i n  the wavelength range extending 

shortward from about 5000x are Ly-a, C IV 11549, C 1111 11939, and 

Mg I1 h2798. 

the  ground l e v e l  of the ion i n  question. If a spectrum shows only two 

emission l i n e s ,  the  r a t i o  of whose wavelengths agrees with any of the  

r a t i o s  of rest wavelengths from these four l i n e s ,  then it is r e l a t i v e l y  

c e r t a i n  t h a t  they are the correct  ident i f ica t ions .  Although hlgO9 and 

11549 give a r a t i o  fa i r ly  near t h a t  of [Ne V] ~3426 and Mg I1 ~2798, the  

presence or absence of o ther  l i n e s  a t  predicted wavelengths usually s e t t l e s  

the  question. 

Apart from 1199, these are resonance t r a n s i t i o n s  involving 

Table I1 l i s t s  i n  order  of increasing z a l l  t h e  r e d s h i f t s  determined 

t o  date.  The details of the  emission features detected i n  t h e  spectrum of 

each object ,  with approximate s t rengths  and widths, were compiled by Burbidge 

e t  al .  ( 51) and a l a t e r  vers ion is given i n  ( SO). 

t o  ions with a wide range of ionizat ion poten t ia l s ,  i n  the  l i g h t  elements 

t h a t  are most abundant i n  the  sun and stars of t h e  s o l a r  neighborhood. The 

elements H, He, C, N, 0, Ne,  M g ,  Si ,  S, and A r  are a l l  represented; of the  

elements heavier than A r ,  t h e  only suggested i d e n t i f i c a t i o n  is  a coronal 

l i n e  of Fe a t  whose wavelength Wampler a t  Lick and Oke a t  Palomar have de- 

t e c t e d  a weak feature  with t h e i r  spectrum scanners. 

The l i n e s  found belong 0 

Absorption Lines 

The first Q,SO's f o r  which redshi r t s  were determined a l l  showed only 

emission l i n e s  i n  t h e i r  spectra ,  and consequently the f i r s t  models f o r  ex- 

p la in ing  the  l i n e  spec t ra  d id  not include any provision f o r  discussing 

absorption l i n e s .  It is  now clear,  however, t h a t  absorpticn E n e s  are not 

uncommon i n  the spec t ra  of Q,SO'S. 

- 10 - 



I The first recorded observation o f  absorption l i n e s  was i n  Schmidt's 

spec t ra  of  the  radio-quiet  QSO known as BSO 1 (179), in which the broad 

emission of C IV A1549 is bisec ted  by a sharp absorption. 

ponents i n  the  short-wavelength wing of both Ly-a and C IV 11549 were found 

i n  PHL 938, another radio-quiet  QSO, by Kinman (126). 

a 
Absorption com- 

3C 191 was then found t o  show a la rge  number of  sharp absorption l i n e s  

i n  i ts  spectrum (45,214 ), as well as some of t he  usual broad emission l i n e s .  

These absorptions a re  almost a l l  from the  ground s t a t e  of the relevant  ions, 

and include Ig-a and C IV h1549. One of t he  absorption-line i d e n t i f i c a t i o n s  

by Burbidge e t  al. (45 ) and Stockton & mds (214) i n  3C 191, namely 

N V 11240.1, was questioned by Bahcall (14 ), who believed it might be due 

ins tead  t o  a blend of Mg I1 hh1239.9, 1240.4. 

ever ,  rep l ied  that Stockton 's  K i t t  Peak spectrogram of  3C 191 resolves  the  

l i n e  i n t o  f ine-s t ruc ture  components at the  r i g h t  wavelengths f o r  N V; more- 

over, the  Mg I1 l i n e s  are the  second meniber of the  p r inc ipa l  s e r i e s  i n  Mg 11, 

and the  t r a n s i t i o n  p robab i l i t y  can be only a f e w  percent of t h a t  of Mg I1 A2798. 

Burbidge & mds ( 44), how- 

0 

A s t rong  absorption component appears i n  the  sho r t  wavelength wing of 

Ly-a i n  PKS 1116+12 on a spectrum taken by L p d s  & Stockton (136), about 26i 

from the center  of the  Ly-cr emission. It w a s  apparently not seen by 

Schmidt (195) on h is  spec t r a  of  p~s~u16+12, but  Bahcall, Peterson, & Schmidt 

(15 ) detected t w o  o the r  absorptions, probably u - a  and C IV, a t  a r e d s h i f t  

corresponding t o  some 17,000 km/sec less than the  respect ive emission-line 

centers .  

o ther .  

Lynds & Stockton saw the one corresponding t o  Ly-a, but  not the  

Ford & Rubin ( 87 ) found redshif ted C a  I1 H and K absorption l i n e s  i n  

3C 263; t h e i r  r edsh i f t s  agreed with t h a t  obtained from the  emission l i n e s .  

On the  o ther  hand, L p d s  did not see  the  Ca I1 absorption l i n e s  i n  h i s  

- 11 - 



spec t ra  of 3C 263. 

time sca le  i n  the spec t ra  of S O ' S .  

Possibly absorption l i n e s  can be var iab le  on a shor t  

Other Q,SO1s f o r  which t h e r e  is  published evidence for absorption 

, l i n e s  are 3C 270.1 ( in  the  shortward wing of C N h1549) (195) and 

PKS 1510-08 ( i n  t h e  shortward wing of Mg I1 h2798) ( 43). 

The absorption l i n e s  described above are mostly presumed t o  a r i s e  i n  

gas associated with t h e  Q,SO and not i n  the  i n t e r g a l a c t i c  medium. Bahcall 

& Salpe ter  (16, 17 ) considered the p o s s i b i l i t y  t h a t  resonance l i n e s  due t o  

atoms and ions of the most common elements might be produced by gas i n  

c l u s t e r s  of galaxies lying between the &SO and observer; i n  cases &ere the 

ground l e v e l  had f i n e  s t ruc ture ,  only absorptions from the zero energy s ta te  

would be expected. In 3C 191, however, there  appears t o  be normal occupancy 

of a l l  the f ine-s t ructure  states i n  the ground l e v e l s  o f  S i  I1 and N V. 

Bahcall, Peterson, & Schmidt ( 15)  suggested the  absorp t iomin  PKS 1116+12 

might be in te rga lac t ic .  
0 

The Nature O f  The Redshifts 

There are two mechanisms which are known t o  cause s p e c t r a l  l i n e  s h i f t s ,  

l ine-of-s ight  v e l o c i t i e s  and strong gravi ta t iona l  f i e l d s .  Doppler s h i r t s  

can be e i t h e r  redward or blueward, but outside the l o c a l  group of galaxies 

i n  the  expanding universe we only see receding objects,  and hence redshi f t s .  

Gravi ta t ional  r e d s h i f t s .  - Greenstein & Schmidt ( 97) discussed the 

p o s s i b i l i t y  t h a t  the redshifts of 3C 48 and 3C 273 might be grav i ta t iona l ,  

a r i s i n g  i n  e i t h e r  (a) a collapsed s t a r  i n  our Galaxy o r  (b) a collapsed 

mass of g a l a c t i c  s i z e  outside our Galaxy. In  e i t h e r  case, the  gradient of  

g r a v i t a t i o n a l  p o t e n t i a l  across the region where the  spectrum l i n e s  a r i s e  

w i l l  produce a broadening of the l i n e s .  They took the observed l i n e  widths 

as l imi t ing  the s i z e  of t h i s  gradient.  For a collapsed s tar  of  s o l a r  mass, a 
- 12 - 



which must not be very nearby because of  the  absence of measured proper 

motions, t h i s  s e t s  an upper l i m i t  on tbe l i n e a r  thickness of  the  s h e l l  

and hence a lower l i m i t  t o  the  density of  gas i n  the s h e l l  (s ince a deter-  

mined number of emit t ing atoms are required t o  give the  observed emission 

l i n e  f luxes) .  The l imi t ing  density of  Ne 2 6 x lOI8 

incompatible with the  presence of  the  forbidden l i n e  [0 1111 A5007 i n  3C 273. 

f o r  3C 273 w a s  

If 3C 273 were a massive object,  outside our Galaxy but  not a t  a large 

distance,  Greenstein & Schmidt obtained limits by the  condition t h a t  the 

mass must not be great  enough nor  the  distance s m a l l  enough t o  produce de- 

t ec t ab le  per turbat ions on s te l la r  motions, i . e .  t h i s  e f f e c t  m u s t  be less 

than 10% of  the  g rav i t a t iona l  accelerat ion of  t he  whole Galaxy. 

Ne - 10 t h i s  gave limits on the distance d and mass M as  follows: 

Taking 

7 

d 2 2,500 pc, M/Mo * 7 x lo8 (3C 273) 

d 225,000 pc, M/Mo * 7 x 10 10 (3C 48) . 
Thus collapsed massive ex t raga lac t ic  objects  on t h i s  s ca l e '  could account f o r  

the  observed r edsh i f t s  i n  these two objects ,  but  t h e  conditions are rather 

s t r ingen t .  For objects  with z 2, the above l i m i t s  w i l l  be changed, but not 

by a la rge  fac tor .  

Frnm the theo re t i ca l  standpoint the  s i t u a t i o n  is not c l ea r .  The question 

has been considered by Buchdahl (36, 37 ) and Bondi (35 ), and it appears 

t h a t  f o r  a sphere i n  s t a t i c  equilibrium, z < 2. It has a l s o  been suggested 

t h a t  the  redshif'ts may be g rav i t a t iona l  i n  o r ig in  and arise when matter is  

i n f a l l i n g  onto a collapsed object,  o r  i n  an object  i n  g rav i t a t iona l  collapse.  

We note t h a t  emission-line redshif'ts exceeding z = 2, although not by a 

l a rge  amount, have been found, b u t  absorption-line r edsh i f t s  appear t o  be 

l imi t ed  t o  z < 2. 
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Doppler sh i f t s .  - Most workers have general ly  agreed t h a t  the  red- 

s h i f t s  must be due t o  the  motion o f  the  Q,SOts r e l a t i v e  t o  the  observer, 

and most have gone fu r the r  and assumed t h a t  the  r edsh i f t s  are cosmological 

i n  o r ig in  and are due t o  the  expansion of the  universe. Al te rna t ive ly  it 

has been suggested t h a t  the  redshifts are Doppler s h i f t s  due t o  the  t r ans -  

l a t i o n a l  motion of a l o c a l  object.  

objects  were e j ec t ed  from our Galaxy a t  r e l a t i v i s t i c  speeds. 

Burbidge (107) considered the  p o s s i b i l i t y  t h a t  the  objec ts  have been 

e j ec t ed  from comparatively nearby rad io  galaxies  i n  which v io l en t  explosions 

have occurred. These theor ies  w i l l  be discussed below. 

"errell (221,222) argued t h a t  t he  

Hoyle & 

Other causes. - Arp (10, 11 ) has argued t h a t  the  r edsh i f t s  are "non- 

ve loc i ty"  sh i f t s ,  but  has not suggested any previously neglected physical  

mechanism. * 
In t e rp re t a t ion  O f  The Line Spectra 

Despite the  f a c t  t h a t  it is  not y e t  poss ib le  t o  study the.  whole s p e c t r a l  

region of any s ingle  Q,SO, from put t ing toge ther  t he  observations of  many 

Q,SO's with various r edsh i f t s ,  it is c l e a r  t h a t  t he re  are  differences i n  the  

r e l a t i v e  i n t e n s i t i e s  of emission l i n e s  and i n  the  l i n e s  t o  continuum from 

one object t o  another (50, 51, 54 ). The t a s k  of construct ing a model of 

t he  line-producing region can therefore  be applied e i t h e r  t o  one p a r t i c u l a r  

($30, or t o  some generalized "average" g$O. Since the  emission l i n e s  are of  

t he  s o r t  seen i n  gaseous nebulae, t he  standard methods of analyzing these 

can be applied. 

This type of ana lys i s  was applied by Greenstein & Schmidt ( 97) t o  

3C 273 and 3C 48, and by Shklovsky (206) and Dibai & Pronik ( 76) t o  a spec- 

t roscopic  study of 3C 273 made with, t he  te lescope i n  Crimea. 

scopic  observations became avai lable  f o r  o the r  ob jec ts ,  Osterbrock & Parker (159) 

When spectro- 
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* Boccale t t i  e t  al. (24) have suggested that the  observed wavelengths a r e  

produced i n  t r a n s i t i o n s  i n  atoms and ions containing one o r  two quarks, 

but  the  calculated wavelengths do not agree well with the observed ones. 

0 
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used them t o  derive the  physical  conditions i n  an average o r  composite of 

nine QSO's. 

Greenstein and Schmidt assumed t h a t  the  abundances a f  the  elements i n  

3C 273 and 3C 48 are the same as the average Population I abundances o f  

gaseous nebulae and young s t a r s  i n  the  s o l a r  neighborhood i n  our Galaxy, 

and estimated Te = 16,800'~ f o r  the e l ec t ron  temperature. 

culated the  r e l a t i v e  i n t e n s i t i e s  o f  the  l i n e s  t h a t  were measured, f o r  various 

values of t he  e lec t ron  densi ty  Ne, and found the  value which gave the  b e s t .  

f i t  t o  the  observations. Somewhat ambiguous est imates  of the  e l ec t ron  den- 

Then they cal-  

s i t i e s  resu l ted  ( i n  t h a t  the same ca lcu la t ions  applied t o  p lane tary  nebulae 

yielded r e l a t i v e  i n t e n s i t i e s  t h a t  needed cor rec t ion  by a r b i t r a r y  f ac to r s  t o  

agree with the  observations, and the  same "correct ion fac tors"  were appl ied 

t o  the  Q,SO1s) .  

e 

e 

The results are as follows: 

N = 3 x lo4 cm-3 f o r  3~ 4.8 

N = 3 x 10 f o r  3C 273, 6 

with uncertainty fac tors  of  about an order  of magnitude e i t h e r  way. 

Dibai & Pronik derived a higher value f o r  the  e lec t ron  densi ty  i n  3C 273, 

e 
i .e . ,  Ne m 10 7 emm3, with a temperature T m 10,OOOo - 15,000°. Shklovsky 

pointed out t h a t  the  smallness of t he  Balmer d iscont inui ty  i n  the  continuous 

spectrum of 3C 273 suggests t h a t  Te i s  a t  l e a s t  as  high as 20,000°, while the  

s t r eng th  of the  HB emission l i n e  r e l a t i v e  t o  the  continuum shows t h a t  

T < 60,000°. 

The absence of [0 111 3727 and [ N e  VI l i n e s  i n  3C 273 shows t h a t  Ne m u s t  be 

higher  i n  3C 273 than i n  3C 48; l a t e r  observations have indicated t h a t  3C 48 

is more t y p i c a l  of most QSO's than is 3C 273. 

Thus Shklovsky s value o f  Te m 30,000° seems a good choice. e 

Cameron ( 56) estimated a s t i l l  higher  value f o r  Ne i n  3C 273, namely 

8 2 x 10 but  Greenstein & Schmidt thought an upper l i r s i t  t o  the  accept- 
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I O  
able e lec t ron  dens i ty  i n  t h i s  object would be 3 x lo7 Ne = 10 7 cm -3 

is  probably the  best es t imate .  

average &SO found a good match with t h e  observations f o r  Te = 15,000° and 

N = 3 x 10 

normal o r  Population I r e l a t i v e  element abundances). 

Osterbrock & Parker f o r  t h e i r  composite 

6 emm3, fo r  an assumed level of ion iza t ion  (again assuming e 

The f a c t  t h a t  t he  s tud ies  ju s t  described y i e ld  r e l a t i v e  i n t e n s i t i e s  

t h a t  match the  measures reasonably well shows t h a t  t h e  abundances must be 

s imi l a r  t o  those found i n  young Population I stars and gaseous nebulae i n  

the  s o l a r  neighborhood. If the  QSO's are indeed extremely d i s t a n t  ob jec ts  

dat ing back b i l l i o n s  of years i n  time i n  an evolving universe, t h i s  i s  an 

extremely surpr i s ing  result: Shklovsky (206) w a s  t he  first t o  draw a t t e n t i o n  

t o  t h i s .  

t o  t h i s  is He; they predicted t h a t  t he  l i n e  of H e  I1 hi640 should be of com- 

parable in t ens i ty  with C IV X1549, while ac tua l ly  it is weaker i n  a l l  cases 

and i n  some Q,SOIs it has not been seen. They suggested t h a t  helium might be 

less abundant, with respect t o  hydrogen and t h e  heavier  elements, i n  Q,SOIs 

than i n  the  'hormal" abunaance d is t r ibu t ion .  

Osterbrock & Parker (159) found t h a t  t he  only possible  exception 

Burbidge e t  a l .  ( 5l), however, pointed out t h a t  an ion iza t ion  equi l ib-  

rim f ~ r  

ion iza t ion  s tages  which seemed reasonable had been assumed, with He taken t o  

be 50% doubly ionized. This might not be the case; there  might w e l l  be less 

doubly ionized He than t h i s .  

had not been calculated; a d i s t r i b u t i o n  among the  var ious 

Dimensions and mass of region givir,g emission l i n e s .  - If the  r edsh i f t s  

a r e  of  cosmological or ig in ,  t h e  luminosity-distances of QSO's may be derived 

from them f o r  any chosen cosmological model. 

model with the  decelerat ion parameter q = 0 and from the equivalent widths 

o f  Hfl i n  3C 48 and 3C 273 obtained Hfl luminosi t ies  of 6.4 x 

Greenstein & Schmidt used a 

0 

erg/sec 
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(?C  48) and 8.8 x 

Dibai & Pronik, found t h e  HB flux i n  3C 273 t o  be 8 x 

erg/sei. ( 3 C  273). Shklovsky, using the  measures of  

erg/sec. 

From these values, with T and N determined, using the  hydrogen recom- 

binat ion formula, Greenstein & Schmidt obtained values f o r  t he  radius R, and 

mass %, of the  hydrogen emitt ing region, as follows: 

R = 11 pc, %/Ma = 5 x 10 

e e 

6 3C 48: 

3C 273: R = 1.2  PC, %/Ma = 6 x 10 5 . 
If the  r edsh i f t s  are not of cosmological or ig in ,  and i f  t he  objec ts  are a t  

about 10 Mpc distance,  as has been suggested (107), then the values w i l l  be 

much reduced, as follows: 

3C 48: R = 0.48 pc, %/Ma = 410 

3C 273: 

Widths of the  emission l i nes .  - Emission l i n e s  i n  3C 48 and 3C 273 are 

R = 0.092 pc, %/Mo = 270. 

0 
some 2O-3OA wide. 

times the  observed widths are as g rea t  as lOOA (see 51). 

S t i l l  broader l i n e s  have been found i n  o the r  QSO's;  some- 
0 

To obtain widths as emitted i n  the rest frame a t  the  source, these  should be 

divided by ( l + z ) .  

Mg I1 A2798 are the  broadest, and t h e  forbidden l i n e s  are narrowest. 

In  general the resonance l i n e s  Ly-a, C I V  h1549, and 

In  

PKS 1217+02 Lynds ( 51) found t h a t  t he  forbidden l i n e s  o f  [0 1111 a t  A4959 

and A5007 are much narrower than [0 1111 ~4363 ,  which has a higher  ex- 

c i t a t i o n  f o r  t he  upper level of  t he  t r a n s i t i o n ,  Such e f f e c t s  suggest 

s t r a t i f i c a t i o n  i n  the  region producing the  s p e c t r a l  l i n e s .  The absorption 

l i n e s ,  when present,  are cha rac t e r i s t i ca l ly  very much narrower than the 

emission l i nes ,  again suggesting s t r a t i f i c a t i o n .  In 3C 191, Stockton's 

spectrum (214) shows t h a t  those l i n e s  which are not blended have about the  

same width as the  weaker comparison l i n e s ,  or about 8A between ha l f - in t ens i ty  

po in t s .  This sets an upper l i m i t  o f  about 3A t o  t h e i r  width a t  t he  source. 

0 

0 
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The emission l i n e  widths were f i r s t  assumed t o  be due t o  mass motions 

of the gas, of the  order of thousands of lan/sec (97 ). 

ceed the ve loc i t i e s  of escape s e t  by the  masses of the hydrogen emission 

region which are only - 100 km/sec. If the gas were f ree  t o  escape, t he  

4 time sca les  would be only l o 3  - 10 

anchored by the  grav i ta t iona l  a t t r ac t ion  of a l a rge  mass a t  t he  center  o f  

These grea t ly  ex- 

years.  Therefore the  gas should be 

the  gas cloud, and t o  do t h i s ,  a mass of  about 10 9 Ma is  required ( 97). 

In  one of  the  physical models t h a t  have been proposed f o r  €&SO'S (see 

l a t e r ) ,  Colgate & Cameron ( 69) suggested t h a t  supernova explosions might 

be occurring with grea t  frequency i n  the  centers  of  dense s ta r  c lus te rs .  

Then the  emission l i n e s  would come from s h e l l s  of gas e jec ted  from the super- 

novae with cha rac t e r i s t i c  speeds of thousands of  kilometers p e r  second; 

these s h e l l s  would co l l ide  with each o ther  and with quiescent gas i n  the  

c lus t e r ,  and emission l i n e s  very much broadened by Doppler s h i f t s  would be 

produced. 

Another poss ib le  broadening agent i s  e l ec t ron  sca t t e r ing  ( 5 1 ) .  That 

e l ec t ron  sca t t e r ing  might be very important i n  Q,SO's w a s  real ized by Shklovsky 

(206). 

mined f o r  a cosmological distance, t he  op t i ca l  depth i n  e lec t ron  sca t te r ing ,  

T must be about 10. This holds f o r  a th i ck  spher ica l  s h e l l  of radius 

1.2 pc. 

which is  giving the  continuum radiation, and t h i s  radiat ion varies. An 

In 3C 273, with the  dimensions of the  hydrogen emission region deter-  

e' 

But there  is presumed t o  be a small cen t r a l  object  inside t h i s ,  

a r b i t r a r i l y  shor t  pulse of  radiat ion produced i n  the  center  would take 10 - 
20 years t o  escape through such an e lec t ron-sca t te r ing  region, because the  

ve loc i ty  of diffusion of the quanta would be e/',. 

we should have 

f o r  3C 273, the  hydrogen emission region m u s t  be spread out over a much 

To avoid t h i s  d i f f i c u l t y ,  

S 1, and t o  do t h i s  with the  physical parameters deduced 
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0 
l a rge r  dimension. 

closed spher ica l  s h e l l  of much la rger  radius.  

Schmidt (193) suggested tha t  the  hydrogen emission region might be i n  

Shklovsky suggested it might be i n  a comparatively t h i n  

the form of filaments with an e lectron densi ty  Ne embedded i n  a large region 

of much lower density.  Again, the l i g h t  from the  cen t r a l  object  would only 

cross a few such small filaments and the  e lec t ron  sca t t e r ing  could be kept 

low. 

Shklovsky a l so  considered a non-uniform d i s t r ibu t ion  of the l i ne -  

emit t ing gas, but  re jected t h i s  p o s s i b i l i t y  because a non-uniform d i s t r ibu t ion  

of gas would not lead  t o  complete absorption of the u l t r av io l e t  quanta from 

the  energy source. &en i f  T is considerably l e s s  than 10, there  can be 

considerable broadening of the emission l i n e s  by e lec t ron  sca t te r ing ;  t h i s  

w a s  considered quant i ta t ive ly  by Burbidge e t  a l .  ( 5 1  ). 

e 

The widest l i n e s  t h a t  a re  seen are Ly-a, C rV h1549, and Mg I1 12798. 

In  the case of permitted resonance l i n e s  quanta are emitted and reabsorbed 

i n  sequence u n t i l  electron sca t t e r ing  out of the  l i n e  center  takes place.  

The opacity within about *yl from the  l i n e  center  i s  large and not u n t i l  

e lec t ron  sca t t e r ing  takes  the quanta s u f f i c i e n t l y  o f f  resonance can they 

escape. Using the  computations of e l ec t ron  sca t t e r ing  p r o f i l e s  by Munch 

they found t h a t ,  even with s m a l l  o p t i c a l  depths along a d i r ec t  l i n e a r  path 

through the gas, a width of about 20A is  obtained f o r  an e lec t ron  temperature 

of 10,OOO°K, - 30A f o r  Te M 3 0 , 0 0 0 ° K ,  and - 50A f o r  Te M 100,OOO°K. 

r e a l l y  s t rong l i n e s  the  widths can be near ly  double t h i s .  

I 1  

0 

0 0 
For 

In the case of forbidden l i nes  the  ion which gives r i s e  t o  the  t ran-  

s i t i o n  does not supply a high opacity near the cen t r a l  frequency. To broaden 

a forbidden l i n e  appreciably, T~ must be N 1. Again using the  r e s u l t s  of 

Mhch, they found f o r  T~ = 0.8 a width of about h A  a t  Te M 3 0 , 0 0 0 ° K ,  and 
0 
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about 60i a t  Te = 100,OOO°K. 

are seen, T m u s t  be s m a l l .  

In  the cases i n  which narrow forbidden l i n e s  

e 

The e a r l y  l i n e  ident i f ica t ions ,  including [0 111 and [Ne VI i n  3C 48, 

showed t h a t  a wide range of ionization po ten t i a l  i s  encompassed, and 

ShklovsQ (206) pointed out t h a t  t he  line-producing region should be s t ra t i -  

f ied,  with [ 0 111, for example, coming from a d i f f e ren t  l aye r  from t h a t  

giving r i s e  t o  [Ne V I .  

wide range of ionizat ion could r e su l t  from photoionization by thermal 

rad ia t ion  from a very hot super-massive s tar  o r  by u l t r a v i o l e t  synchrotron 

radiat ion,  since both have a great  abundance of high-energy photons. 

According t o  Osterbrock & Parker (159), however, a 

However, the  grea t  s t rength  of t he  Mg I1 A2798 emission l i n e  and the  

narrow absorption l i n e s  i n  several  QSO's provide more cogent reasons for 

considering a s t r a t i f i e d  model, and Burbidge e t  a l .  ( 51) proposed such a 

model with three d i s t i n c t  zones, I, op t i ca l ly  th i ck  t o  quanta with 

hv > 13.60 eV, 11, o p t i c a l l y  th ick  t o  quanta with hv > 54.40 eV, and 

111) op t i ca l ly  th i ck  t o  quanta with hv > 24.58 e V .  

Zone I is  necessary t o  explain the  presence of t he  M g  I1 emission. 
+ 

The ionizat ion p o t e n t i a l  o f  Mg is only 15.03 eV and t h i s  ion can e x i s t  i n  

appreciable abundance only i n  a n  H I region. Zone I1 w i l l  be responsible 

for most of  t he  emission l i nes ,  including C IV, He 11, 0 111, 0 IV, Ne 111, 

Ar I V Y  while the absorption l ines ,  C 11, C 111, and 0 I1 can a r i s e  i n  Zone 111. 

In Zone 111, a l l  Mg w i l l  be doubly ionized. Zone I was suggested t o  l i e  

innermost ( t o  account f o r  the bEad th  of Mg I1 A2798 and lack  of  absorption 

i n  t h i s  l i n e ) ,  and Zone I11 on the outside ( t o  explain narrow absorption 

l i n e s  and a tendency f o r  [0 111 A3727 t o  be narrower than o ther  emission l i n e s ) .  

A fur ther  reason for placing Zone I on the  inside is  the  absence of 

[0 I] hh 6300, 6363 i n  3C 273. Andr i l la t  & Andr i l la t  ( 9 ) d id  not see these 
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features  on t h e i r  infrared spectra,  ye t  they are commonly seen i n  the  spec t ra  

of the nuclei  of Seyfer t  galaxies.  If the  H I region is  innermost, then the 

electron densi ty  here may be su f f i c i en t  t o  cause considerable c o l l i s i o n a l  de- 

exc i ta t ion  of the  upper l eve l  of t he  [0 I ]  l i n e s ,  and these l i n e s  w i l l  be 

suppressed . 
An in t e re s t ing  question i s  whether higher  Lyman l i n e s  - Ly-B and Ly-y - 

w i l l  be v i s i b l e  i n  QSO's with z appreciably g rea t e r  than 2. The usual 

analysis  of u l t r av io l e t  radiat ion t r a n s f e r  i n  gaseous nebulae pos tu la tes  t h a t  

a l l  the higher Lyman l i n e s  w i l l  be transformed by repeated absorptions and 

cascade re-emissions i n t o  l i n e s  o f  t he  Balmer, Paschen, e t c .  series and Ly-CY. 

Bahcall ( 13)  showed, however, t h a t  t h i s  w i l l  not be the case; there  w i l l  

a c tua l ly  be appreciable emission i n  Ly-B and Ly-y due t o  leakage from the  

surface layers of the  line-producing region. 

CONTINUOUS ENERGY DISTRIBUTION 

The Observations 

In the  op t i ca l  wavelength region, knowledge of the  continuous energy 

d i s t r ibu t ion  comes from measurements with spectrum scanners f o r  a f e w  objects  

and U, B, V measures of a considerable number of objects .  3C 273 has been 

measured by scanner by Oke (156, l57) ,  as have a lsa  3C 9, 48, 245, 286, 446, 

and CTA 102. 3C 9 has been measured by scanner by Field, Solomon, & Wampler 

( 8 6 ) .  The U, B, V measures col lected i n  Table I are from Matthews & 

Sandage ( 149, F?yle & Sandage (175 ), Sandage (179), Sandage & Wyndham (188 ), 

Sandage & Veron b85 ), Bolton e t  a l .  ( 34 ), Bolton & Kinman ( 33 ), and 

Sandage ( 180). 

In order t o  compare scanner measures of objects  with d i f f e ren t  red- 

s h i f t s ,  the  observed absolute-energy d i s t r ibu t ion  has t o  be shif'ted back 
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t o  the wavelength i n  a system a t  rest with respect t o  the observer, The 

formula for doing t h i s  i s  given by Oke (157); it depends on the  cosmological 

model adopted, and i t s  form for a decelerat ion parameter q = +1 is the  same 

as f o r  l oca l  objects  moving a t  r e l a t i v i s t i c  speeds. Oke adopted the qo = +1 

mode 1. 

0 

For 3C 273 the observations have been extended in to  the i n f r a r e d  by 

Johnson (120) and by Johnson & Low (121) and both 3C 273 and 3C 279 have been 

measured i n  the  millimeter region by Low (132) and by Epstein (81). 

Radio fluxes a re  given i n  the various radio source catalogues: MSH (145, 

146, 147); 3C (78, 23); Parkes (32, 166, 72, 205) 4C (165, 95). 

Form of the  Continuous Energy Spectrum 

Only f o r  3C 273 is a spectrum avai lab le  covering almost the  whole obser- 

vable frequency range, from 85 Me t o  1015 cps, with an upper l i m i t  t o  an 

x-ray f lux a t  l 0 l 8  cps; a p l o t  of t h i s  has been given by S te in  (213). 

(157) compared h i s  scanner measures with the computed hydrogen spec t ra  a t  

Te = 14,000° and 160,000° and showed t h a t  ne i the r  f i t t e d  the  observations; 

t he  Ba lmer  discont inui ty  a t  Te = 14,000° was too  large (only a very small 

jump is observed), and the  observed continuium rises in to  the  infrared,  

swges t ing  t h a t  synchrotron radiat ion is  becoming important here. A similar 

comparison of the observations with computed fluxes, a t  these two temperatures 

was made by Hoyle, Burbidge, & Sargent (110), with the  far inf ra red  measure- 

ment added; t he  s teep  rise noted by Oke continues as the  wavelength increases.  

Such a s teep  r i s e  must represent f lux  emitted by a non-thermal process, 

e i t h e r  synchrotron emission o r  emission by the  inverse Compton process. I n  

e i t h e r  case a f lux of high-energy e lec t rons  must be present;  i n  the f i r s t  

case a magnetic f i e l d  must be present,  and i n  the  second there  must be an 

intense rad ia t ion  f i e l d  o f  low-energy quanta. In  o ther  S O ' S  (see (157)) 

Oke 
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it is conceivable t h a t  the  continuum could a r i s e  from a very hot gas, 

T - lo5 - 5 x lo5 degrees. 

Matthews & Sandage (142) discussed the  form of  the  energy spectrum i n  

the  op t i ca l  region t h a t  would give the  observed U-B, B-V colors of QSO's, 

and gave formulae by means of which the  colors t h a t  would be given by any 

theo re t i ca l  spectrum can be computed. They showed t h a t  the  correct  colors  

would be obtained f o r  energy d is t r ibu t ions  both with an exponential de- 

pendence on frequency and with a power l a w  dependence of the  form F ( v )  a v 

with n ly ing  in  the  range 0 t o  2. 

-n , 

The U, B, V measures necessar i ly  include the  f lux  put out i n  any 

emission l i n e s  occurring i n  the  band-pass of  the  f i l t e r  together  with the  

pure continuum radia t ion  admitted through each f i l t e r .  Y e t ,  aside from 

t h i s  complication, the  U, B, V measures c l ea r ly  provide the  ingredients of 

a coarse in t eg ra l  equation from which the  o r ig ina l  energy d i s t r ibu t ion  F(v) ,  

very  much blurred by the  breadth of  the  U,B,V bandpasses, can be recovered. 

This is s o  because the (B-V) and (U-B) colors are re la ted  t o  the  f i r s t  der i -  

va t ives  of the  energy d i s t r ibu t ion  function. 

and by Kardashev & Komberg (123, and they set out t o  derive F(v)  from the  

U, B, V measures. Sandage (180) made a more de t a i l ed  study using moE ex- 

t ens  ive data. 

This w a s  rea l ized  by McCrea (144) 

Correlations between colors and redshi f t s .  - McCrea (144) pointed out 

t h a t  the  colors of QSO's are correlated with t h e i r  redshif 'ts, and Kardashev & 

Komberg (123) and Barnes ( 19) independently discussed these correlat ions.  

McCrea real ized t h a t  a relat ionship between colors and redshi f t  must be due 

t o  the i n t r i n s i c  form of the energy d i s t r ibu t ion  emitted by the  objects .  

When F ( v )  is recovered from the U, B, V measures, t he  QSO's divide i n t o  two 

d i s t i n c t  groups, one i n  which F(v )  i s  concave t o  the  v axis  or not notice- 
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ably curved, and one i n  which F ( v )  i s  convex t o  the v axis .  

with redshi f t s  avai lable  a t  the time of McCrea's work, a l l  those i n  the 

O f  the  QSO's 

"concave" group w e r e  found t o  have z IO.", with an average z = 0.5, and 

a l l  i n  the tlconvexll group had z > 0.8, with an average z = 1.0. The cor- 

r e l a t i o n  becomes even more s t r i k i n g  i f  one p l o t s  Q = (U-B) - (B-V) against  

z; the  s c a t t e r  i s  less than i n  the p l o t s  of (U-B) and (B-V) alone. 

Kardashev & Komberg (123) arrived independently a t  the conclusion 

t h a t  the colors give information on the energy d is t r ibu t ion  being received 

through the U, B, V f i l t e r s .  Sandage (180), with more extensive photometric 

data, assumed t h a t  there  is an i n t r i n s i c  F(v) d i s t r ibu t ion ,  similar for a l l  

Q,SO's whatever t h e i r  redshif t ,  and derived i t s  form from the measured (U-B) 

and (B-V). With an F(v) t h a t  has some s t ruc ture  i n  it - changes of slope, 

maxima and minima - then one samples d i f f e r e n t  p a r t s  of such a curve i n  

looking a t  Q,SO's with d i f f e r e n t  redshi r t s  through the U, B, V f i l t e r s  with 

fixed bandpasses. 

composite curve (SCC); it i s  the  average from 43 Q,SO's. It has a m a x i m u m  

near h 

present i n  the observed spectrum scans by Oke (157). 

The curve for F(v) derived by Sandage is ca l led  Sandage's 

0 
= 2800A and a depression near h 

0 0 
= 21001, features which are not 

The form of the SCC flux d is t r ibu t ion  w a s  suggested by S t r i t t m a t t e r  & 

Burbidge ( 217) and by Lynds ( 134) t o  be due t o  the inclusion of the emission 

l i n e s  i n  the band passes of t h e  U, B, V f i l t e r s ,  the difference from the 

s p e c t r a l  scans ly ing  i n  the fact  t h a t  i n  the l a t t e r ,  the emission l i n e s  are 

excluded as far  as is  possible.  

One can take a simple form f o r  the  bas ic  continuous energy d is t r ibu t ion ,  

i .e.  e i t h e r  (1) or (2) :  

(1) 
-n F(.J) a v 

F(v) a e-'/., ( 2  1 
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a The first gives a continuum whose slope a t  a given frequency is  independent 

of r e d s h i f t  z f o r  any n.  The second gives a continuum whose slope increases 

l i n e a r l y  w i t h  ( l + z ) .  

n = 1, and adopted a s e t  of emission-line equivalent widths based on 

measuRs by Oke (157) and eye estimates i n  a number of QSO's ( 51 ). 

computed the  run of U-B, B-V, and Q with z, and found t h a t  the  computed 

S t r i t t m a t t e r  & Burbidge (217) took the form (l), I with 

They 

curves represented qui te  well the observed run of these quant i t ies ,  though 

the observed points  had considerable s c a t t e r  about t h e  computed curves. The 

s c a t t e r  i n  the p l o t s  of (U-B) and (B-V) was much l a r g e r  than t h a t  in  the 

p l o t  of Q, and w a s  deduced t o  be primarily due t o  the  e f f e c t  of v a r i a t i o n s  

i n  the slope of the continuum among the ($30'~. 

most of the  s c a t t e r  due t o  f luctuat ions i n  the continuum slope should d is -  

appear, and indeed the  observed s c a t t e r  i n  the p l o t  of Q w a s  found t o  be 

Since Q is a difference,  

less (217). 

s t rengths  among the Q,SO's. 

The remaining s c a t t e r  may be a t t r i b u t e d  t o  differences i n  l i n e  

The K-correction f o r  QSO's. - For any c lass  of d i s t a n t  objects which 

may be used f o r  tests of various cosmological theories ,  such as the normal 

or radio galaxies,  o r  &so's, t h e  measured apparent magnitudes have t o  be 

corrected for  the so-called "K-effect" (Humason, Mayall, & Sandage ( 116)), 

which arises because the  standard f i l t e rs  admit d i f f e r e n t  regions of the 

i n t r i n s i c  energy curves of objects with d i f f e r e n t  redshi f t s .  Sandage (180) 

used h i s  derived curve SCC t o  compute K-corrections as a function of z, and 

tabulated themnormalized t o  z = 1.0 which f a l l s  i n  the middle range of the 

observational data. He pointed out t h a t  the magnitude corrections are very 

s m a l l  except near z = 0, because, except f o r  the e f f e c t  o f  the emission l i n e s ,  

t h e  S C C  curve is  f a i r l y  close t o  F ( h )  a h 

longer wavelengths. If the form were exact ly  t h a t  given above, the correct ion 

-1.0 , though it departs most a t  the 
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would be zero a t  a l l  r edsh i f t s .  

Polar iza t ion  of continuum radiation. - Kinman e t  a l .  (127) measured 

a degree of po lar iza t ion  amounting t o  about 20% i n  3C 446, af'ter i t s  rapid 

increase i n  br ightness  which w i l l  be described i n  the  next sect ion.  

Mechanisms for Producing Cont inuum Radiation 

Several  possible  physical  mechanisms which may give r i s e  t o  the  con- 

tinuous rad ia t ion  i n  d i f f e ren t  par t s  of the  spectrum have been suggested: 

thermal emiss ion from a hot gas, coherent plasma osc i l l a t ions ,  synchrotron 

radiat ion,  Cerenkov radiat ion,  and the  inverse Compton process. A s  j u s t  

described, i n  3C 273, and probably i n  o ther  @O's  also, most of t he  rad ia t ion  

appears t o  be emitted by a non-thermal process, though the  p o s s i b i l i t y  cannot 

be excluded t h a t  some p a r t  of the o p t i c a l  continuum is  thermal bremsstrahlung. 

The radio proper t ies  of the QSO's are very similar t o  those of  t he  radio 

galaxies ,  and it is  well establ ished t h a t  most of  this rad ia t ion  i s  due t o  

t h e  synchrotron process. Many authors have considered t h a t  the  synchrotron 

mechanism is responsible f o r  the bulk of  t he  rad ia t ion  a l l  t he  way from radio 

t o  op t i ca l  frequencies (see e.g. (142)). Strong evidence t h a t  t he  o p t i c a l  

f l ux  is of synchrotron o r ig in  i s  provided by recent observations of 3C 446 

by Kinman e t  al .  (127) which show t h a t  a high degree o f  l i n e a r  po lar iza t ion  

is present .  A s  w i l l  be seen when the  theor ies  are discussed, f o r  some 

c lasses  of models d i f f i c u l t i e s  a r i s e  i f  it is supposed t h a t  the  radio and 

mil l imeter  flux ( i n  3C 273) i s  emitted by the  synchrotron process.  

Ginzburg & Ozernoy ( 9 3  ) have suggested t h a t  coherent o s c i l l a t i o n s  may be 

responsible f o r  t h i s  radiat ion.  S t e i n  (213) discussed Cerenkov rad ia t ion  as  

well as the o ther  p o s s i b i l i t i e s ,  i n  considering the  millimeter-wavelength 

rad ia t ion  i n  3C 273. 

Therefore 

a 

i 
- 26 - 



Given a large f lux  of low energy photons, then, i n  inverse Compton col- 

l i s i o n s  with high-energy electrons o r  posi t rons a f r ac t ion  of these photons 

can be l i f t e d  i n  energy. Thus some p a r t  of t he  flux observed may o r ig ina l ly  

have been emitted a t  much lower frequencies and may have been l i f t e d  by t h i s  

process. More discussion of a l l  these mechanisms w i l l  be given la ter  i n  the 

sec t ion  on theor ies .  

VARIATIONS I N  THE FLUX EMITTED BY QUASI-STELLAR OBJECTS 

Optical  Variations 

Following the  ident i f ica t ion  of the  f i r s t  &SO, 3C 48, Smith & Hoff le i t  

(210) looked back on o ld  p l a t e s  o f  the  Harvard p l a t e  co l lec t ion  t o  attempt 

t o  determine whether it was variable  i n  l i g h t .  

was no detectable  v a r i a t i o n  within the  r a the r  la rge  e r r o r s  (- O?3) which are 

present  i n  the  old p l a t e  material .  However, t he  f i r s t  observations using 

accurate photoelectr ic  methods by Matthews & Sandage (142) showed t h a t  3C 48 

is  varying i n  o p t i c a l  flux, by about 0% over about 13  months. 

t o  t h i s  they reported t h a t  a var ia t ion  of t he  order  of 0?04 i n  a period of 

15 minutes i n  October 1961 had been measured, and they concluded t h a t  night  

t o  night var ia t ions ,  as w e l l  as the var ia t ions  over periods of  months, were 

real. 

They concluded t h a t  there  

In  addi t ion 

Following the  discovery of  3C 273, Smith & Hoff le i t  (211) and Sharov & 

Efremov ( 204 attempted t o  measure the  l i g h t  curve of  t h i s  object  using the  

o ld  p l a t e  co l lec t ions  going back about 70 years a t  t he  Harvard and Pulkova 

Observatories. They found t h a t  var ia t ions  by a f ac to r  of 2 over periods 

of years are seen while sho r t e r  period ' ' f lashes" with time sca les  of  months 

o r  weeks may be present ,  Smith & Hoff le i t  suggested t h a t  a cha rac t e r i s t i c  

per iod of about 1 3  years could be detected i n  the  observations, but t h i s  
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result is s t i l l  i n  doubt. While many spectra  of  t h i s  object  have been 

taken s ince 1963, over the pas t  three years there  has been no evidence for 

any spectroscopic var ia t ions .  

With the  ident i f ica t ion  of considerable numbers of @O's  there  is  the 

opportunity t o  look closely in to  the question of v a r i a b i l i t y .  Sandage has 

shown ( 178, 186, 182 ) t h a t  var ia t ions  are present as follows: 

3c 2: 

3c 43: 

3c 47: 

3c 48: 

3c 196: 

3c 216: 
3C 273: 

3c 454.3: 

I n  the  case of 

B 2 2 1 5  September 1954, 

August 1963, and 

B - 191fO i n  1954 and B = 20?5 i n  1965 (based on two p l a t e s  

taken 11 years apar t ) .  

AB = 0.20 based on observations on 2 nights i n  9 months. 

AB = 0.30 based on observations on 16 nights  over 4 years 

201f5 September 1960, - 19?5 

19?5 November 1964. 

m 

m 

(178). 

mained f a i r l y  constant. 

More recent ly  ( 182) the object  has re- 

m AB = 0.27 based on observations on 9 nights over 45 months. 

The object has gradually brightened and there  w a s  

a sudden increase i n  Qece b e r  1 63. 
AB = 0?37 observed on 3 nights i n  lg mont 4 s. 
The most recent observations i n  the last two years show 

t h a t  the object has not var ied by more than AB - 0.4 though 

l a r g e r  var ia t ions were detected i n  the pas t .  

B = 153 i n  August 1954, 161375 in  September 1965, and 16?55 

i n  October 1965. 

m 

3C 2 s ign i f icant  co lo r  changes probably occurred. 3C 279 has 

a l s o  var ied between the  time the Palomar Sky Survey p l a t e s  were taken, when 

it was about 16%, and the time when the f irst  spectra  were taken i n  1965, 

when it was about le8 ( 46) .  



Thus, although the  (&SO'S have only been observed in te rmi t ten t ly ,  

var ia t ions  have frequently been found and it seems probable t h a t  o p t i c a l  

v a r i a b i l i t y  i s  a common property. 

More de ta i led  investigations have been made of 3C 345 and 3C 446. 

Goldsmith & Kinman ( 94)  observed 3C 345 f a i r l y  continuously over a per iod 

- 100 days i n  the  in t e rva l  June-September 1965. 

increased i n  brightness by about 0.4 i n  a period of 

creased more slowly, bu t  showed smaller va r i a t ions  i n  t i m e  sca les  l e s s  than 

a week u n t i l  e a r l y  October 1965. 

made l a t e r  i n  October by Sandage (180) who found t h a t  it had brightened 

again by about one magnitude. Thus i n  t h i s  object  it has been es tab l i shed  

t h a t  la rge  va r i a t ions  occur on a time sca le  of weeks o r  l e s s .  

period June-September 1965 it was observed spectroscopical ly  ( 42) and the  

s t ruc tu re  of Mg I1 A2798 was seen t o  change though there  was no detectable  

change i n  the  t o t a l  s t rength  of t h i s  l i n e  r e l a t i v e  t o  the continuum leve l .  

They found t h a t  the  object  

m 20 days and then de- 

A s ing le  observation of t h i s  object was 

During the 

3C 446 had an apparent magnitude of about 18114 i n  1964 and 1965, when 

m spec t ra  of it w e r e  being obtained (40, 195). 

sometime between October 1965 and June 24, 1966, when Sandage (181) observed 

it t~ be SihnlA 15-2 ,  

i n  detai l  by Sandage, Westphal, & S t r i t t m a t t e r  (187) and by Kinman, Lamla,  & 

Wirtanen (127). 

about two magnitudes but  by ea r ly  August it was r i s i n g  s teeply  again. From 

the  middle of August u n t i l  l a t e  September it has been br ight ,  near 16m, but 

has  var ied on severa l  occasions by 0.5 t o  0% i n  t i m e  sca les  of the  order  of  

a day. These a re  the l a rges t  short  period va r i a t ions  yet  observed i n  a quasi- 

s t e l l a r  object .  During Ju ly  1966 when the object  was very b r igh t  Sandage 

obtained spec t ra  and it was found t h a t  the  l i n e s  appeared t o  be extremely 

However, it brightened by 3.2 

m In the period July-September 1966 it has been s tudied 

I n  about 10 days i n  late Ju ly  it dropped in  br ightness  by 

m 
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weak, as compared with the  s t rengths  i n  the  spec t ra  taken when the  object 

w a s  much f a i n t e r .  

by supposing t h a t  the i n t r i n s i c  l i ne  s t rengths  have remained constant and 

t h a t  t h i s  apparent weakness is due e n t i r e l y  t o  the increased continuum 

emission corresponding t o  the  increase of br ightness  of about 3 magnitudes. 

Sandage e t  a l .  (187) showed t h a t  t h i s  could be explained 

Radio Variations 

Early i n  1965 Sholomitslqy (118) announced t h a t  CTA 102 was showing 

rapid cyc l ic  var ia t ions  a t  radio frequencies near 1000 Mc/s with a period 

N 100 days. Since t h i s  result was annomced severa l  groups have attempted 

t o  check on the r e a l i t y  of t h i s  observation, e.g., Maltby & Moffett (140), 

who checked t h e i r  records of observation of t h i s  object  during or adjacent 

t o  the period observed by Sholomitsky and close t o  h i s  observing frequency. 

No confirmation of the var ia t ions  has been obtained, and thus it is not 

general ly  accepted a t  the  time of writ ing.  

announced t h a t  he had found a secular  va r i a t ion  i n  3C 273B at  a frequency of 

However, a l s o  i n  1965, Dent (73 ) 

8000 Mc/s such t h a t  it was increasing about 17% p e r  year. 

evidence f o r  va r i a t ion  i n  3C 279 and 3C 345. 

ves t iga ted  t h i s  object a t  a nurnber of frequencies and showed t h a t  there  

appeared t o  be a secular  increase i n  flux’down t o  frequencies of about 970 Mc/s, 

below which there  is  no s igni f icant  va r i a t ion  observed. 

He a l s o  had weaker 

Maltby & Moffet (141) then in- 

Kellerman & Pauliny-Toth (124) have looked a t  va r i a t ions  of a number of 

G O ’ S  a t  frequencies of 750 Mc/s and 1360 Mc/s, using observations made i n  

1962 and 1963, and i n  1965 and 1966. They have combined them with o ther  ob- 

servat ions made a t  higher  frequencies 2700 Mc/s, 5000 Mc/s and 15000 Mc/s a t  

NRAO and a t  o ther  observatories t o  f ind  va r i a t ions  as follows. 3C 279 i n  

which Dent ( 7 4  ) f i r s t  reported va r i a t ion  shows very la rge  va r i a t ions  and 

i ts  flu has been increasing steeply.  The var i a t ions  i n  3C 273, found by 
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Dent, have a l s o  been confirmed, and 3C 345 , 3C 418 and 3C 454.3 have been 

found t o  be var iable .  

source i n  the  nucleus of the Seyfert  galaxy NGC 1275, is a l s o  shown t o  vary.  

This l a t t e r  va r i a t ion  was f i r s t  shown t o  e x i s t  by Dent (74 ) at  8000 Mc/s. 

In  addition t o  t h i s  the object  3C 84, which is  a 

Other radio sources which a re  var iable  are NRAO 1% f o r  which there  is  no 

op t i ca l  ident i f ica t ion ,  and 3C 120 which is  a radio galaxy. 

In 3C 273 Epstein and h i s  collaborators (81, 82 ) have shown t h a t  

s ign i f i can t  changes i n  the  flux a t  3.4 mm are taking place on a time-scale 

of months or l e s s .  In  general, however, as f a r  as the observations have been 

car r ied  out, radio va r i a t ions  have not been found t o  take place on such shor t  

time sca les  as has been found fo r  the op t i ca l  var ia t ions .  

In te rpre ta t ion  of Variations 

The condition t h a t  a la rge  change i n  f lux  takes  place i n  a time T s e t s  

a l i m i t  t o  the  s i z e  of t he  region R such t h a t  R 2 C T .  This condition can 

only be relaxed i f  the  matter which is  giving r i s e  t o  the  rad ia t ion  is i t s e l f  

moving a t  r e l a t i v i s t i c  speed. 

This question has been considered by Te r re l l  ( 221, 22$, W i l l i a m s  (227), 

and Noerdlinger (152) f o r  cases in  which the  emit t ing surface is moving non- 

i"?latP<lstidLQr. The resiil t s  by T e r r e l l  w i l l  be summarized b r i e f l y .  He 

considered a f luc tua t ing  source consis t ing of a spher ica l  surface of radius 

R o s c i l l a t i n g  i n  br ightness  w i t h  a period T 

reference frame, with a l l  p a r t s  f luc tua t ing  i n  phase. He showed t h a t  

= 2rr/w measured i n  i ts  own 
0 0 

where T; i s  the mean luminosity and AL the f luc tua t ion .  I f  we wish t o  con- 

s i d e r  f luctuat ions as r a t e s  of change of luminosity then s ince f o r  s inusoidal  

f luctuat ions I dL/dt I < nAz/ T ~ ,  
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and t h i s  expression appl ies  t o  f luctuat ions which a re  not s inusoidal .  For 

an observer not i n  the reference frame of  t he  source the  observed period i s  

T = T ( l + z )  s o  t h a t  (4) becomes 
0 

For var ia t ions  in  flux t o  be w e l l  es tabl ished observationally,  it i s  
- 

usually the case t h a t  AL L. Under these conditions we see t h a t  it i s  

appropriate t o  use the simple condition R < C T .  Thus the  importance of the  

f lux  va r i a t ions  i s  t h a t  they set l i m i t s  t o  the  s i zes  of the  objects  which 

are now i n  the case of 3C 446 - one l i g h t  day. 

ducing region did not change during the  period of va r i a t ions  of 3C 446 shows 

The f a c t  t h a t  the  l ine-pro- 

t h a t  t h i s  region is  much l a r g e r  than the source giving rise t o  the  continuum. 

In the case of 3C 345, however, no s ign i f i can t  apparent changes i n  l i n e  

s t r eng th  occurred during a period when the  continuum was changing i n  s t rength .  

Thus i n  t h i s  case it may be t h a t  the line-producing region and the  continuum- 

producing region are comparable in  .size,  though the  uncer ta in t ies  a re  g rea t e r  

because the  t o t a l  change i n  l i g h t  was much smaller i n  3C 345 than it was i n  

-)P 1, 1 4  c: 
JU 77". 

In  the sec t ion  discussing theories ,  it w i l l  be seen t h a t  there  are  

severe problems posed by the  l i m i t  R < CT,  i f  the  gSO's are a t  cosmological 

dis tances .  For t h i s  reason, Rees (168) has proposed t h a t  the  emit t ing surface 

i s  moving r e l a t i v i s t i c a l l y .  In t h i s  case the surface w i l l  appear t o  be moving 

f a s t e r  than the  speed of l i g h t  and the  l imi t a t ion  can be relaxed t o  the form 

Model t o  explain v a r i a b i l i t y  of Mg I1 12798. - Burbidge & Burbidge 

and Dibai & Pronik (77  ) observed va r i a t ion  i n  the s t ruc ture  and in t ens i ty  of 
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the  l i n e  Mg I1 A2798 i n  3C 345. 

account f o r  t h i s .  He suggests a dimension of R 10 em f o r  a region i n  

which Mg is mostly i n  the  s ingly ionized s t a t e .  A s  long as t h i s  is the  

case, such a region w i l l  be opt ica l ly  th i ck  t o  Mg I1 A2798 rad ia t ion .  

a powerful f lux of r e l a t i v i s t i c  pa r t i c l e s  impinges on such a condensation, 

then, since the cross-section for  exc i t a t ion  of the  upper l eve l  of Mg I1 

~2798 is some orders of magnitude g rea t e r  than the cross-section f o r  second 

ionization, a la rge  f lux of Mg I1 12,798 quanta w i l l  f i r s t  be generated inside 

the  condensation. This f lux cannot immediately escape, as long as most of 

the  Mg e x i s t s  as Mg , but an increasing degree of double ionizat ion w i l l  

follow. The plasma inside the  condensation w i l l  be intensely heated i n  
5 ++ 

l e s s  than 10 seconds, and, once the  Mg is i n  the  form Mg , it w i l l  become 

transparent  f o r  the  resonance quanta of Mg I1 12798. 

Shklovsky (207) has proposed a model t o  

16 

If 

+ 

A bu r s t  of l i n e  rad ia t ion  

can thus be emitted by such 

of the  consequent va r i a t ion  

FAD I O  

s m a l l  regions, followed by fading, t he  time sca le  

being -10 see.  5 

PROPERTlES OF &SO'S 

The majority of the quas i - s te l la r  objects  were first ident i f ied  through 

t h e i r  radio emitt ing propert ies ,  and a t  the frequencies a t  which the radio 

surveys have been conducted they appear over a wide range of' fiux leve ls ,  2 s  

do the  radio galaxies .  I f  they are a t  the dis tances  indicated by t h e i r  red- 

s h i f t s ,  then, because the redshi f t s  a r e  la rge  compared with those of the 

radio galaxies,  many of them are emitt ing a t  the  power l eve l s  of the s t rongest  

radio emit ters ,  i n  the  range - 10 erg/sec.  45 

The d i s t r ibu t ion  of radio brightness f o r  most of the objects  has not 

been determined. A number of &SO'S show s imi l a r  s t ruc tures  t o  those found 

f o r  radio galaxies (lSO), i .e . ,  they are double with large separations between 
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the  two components. 

3C /Q (194). 

assuming the  objects  a r e  a t  cosmological distances with q = 1, are: 

207 kpc; MSH 14-121, 1-33 kpc; 3C 9, 130 kpc. 

(d = 10 Mpc) the corresponding separations are: 

1.8 kpc; 3C 9, 1.9 kpc. 

Examples are 3C 47 (196), MSH 14-121 - (102, 225, 39 ) and 

The separat ions between the  two components i n  these three cases, 

3C 47, 0 

I f  the objects  a r e  loca l ,  

3C 47, 3.4 kpc; MSH 14-121 -7 

In  many cases a lso,  the  @O1s have a t  l e a s t  one radio component with 

a diameter corresponding, a t  a cosmological distance,  t o  a s i z e  comparable 

t o  those found f o r  radio galaxies i n  general  (150), i .e.,  - 50 kpc. 

s izes ,  together  with the high power leve ls ,  mean t h a t  the energy content of 

the  sources i n  r e l a t i v i s t i c  p a r t i c l e s  and magnetic f lux  has minimum values 

- 1O6O ergs  (49 ). 

have a t  least one exceedingly small radio component which may, or may not, 

Such 

Many of t he  '&SO'S, however, unlike most radio galaxies,  

be the  only component (the r ad io  galaxy NGC 1275 has a s m a l l  c en t r a l  com- 

ponent ) . 
The suggestion t h a t  some of t he  radio sou-ces would have very s m a l l  

angular diameters came f i r s t  from attempts t o  in t e rp re t  the  radio spec t ra .  

It i s  well known t h a t  the radio sources have spec t ra  of the  form P(v )  a: v , 
where cy i s  an index with a median value near -0.7 ( 71). 

the  sources examined the  spectra show a pronounced curvature, ge t t i ng  f l a t t e r  

as one goes t o  longer wavelengths. These sources have large br ightness  

temperatures, suggesting small s i zes .  Frequently i n  these cases a maximum 

is  reached i n  the spectrum and the f lux appears t o  decrease a t  longer mve-  

lengths .  

(228) proposed t h a t  t he  curvature of  the  low frequency p a r t  of the  spectrum 

is  probably due t o  synchrotron self-absorption. 

cy 

In  a f r ac t ion  of 

To explain t h i s  property LeRoux (129), S l i s h  (209) and W i l l i a m s  



From formulae given by Dent & Haddock (75 ) and Wil l iams (228), i f  

the radio spectrum i s  known, s o  tha t  the frequency a t  which synchrotron 

s e l f  absorption s e t s  i n  can be estimated, the angular s i z e  can be calculated 

as a function of the magnetic f i e l d  s t rength.  For example, i n  the  cases of 

the quas i - s te l la r  sources 3C 48, 119, 147, 298, CTA 21, and CTA 102, with 

assumed values of B = 10 

meters of 0.4", 0.3", 0.2" ,  0.6"~ 0.01", respectively.  

-4 gauss, Wil l iams obtained maximum angular dia- 

Methods which are being used t o  invest igate  the s t ruc ture  of the sources 

of small angular s ize  are: 

(1) 

8, 18,2). 

604,000 wavelengths a t  a frequency of 1422 Mc/s. 

Greenbank, West Virginia,  have a l so  carr ied out similar work (62 ). 

(2)  

(3) 

which cause s c i n t i l l a t i o n s  of small diameter sources (104, 65 ). 

Long base l i n e  interferometry a t  Jodrel l  Bank and a t  Malvern (6, 

These groups are now working with e f fec t ive  basel ines  of up t o  

The NFAO astronomers a t  

The method of lunar  occultations (103,106). 

The method of using the i r r e g u l a r i t i e s  i n  the i n t e w l a n e t a r y  plasma 

Detailed s tudies  have been carr ied out, p a r t i c u l a r l y  f o r  3C 273 (lO3,l@, 

and a considerable number of sources have been studied using long base l i n e  

iniei=ferGzistyi. Ye dLscuss first  the results achieved by t h i s  method. 
I' 

The following QSO's have been shown t o  have s i z e s  < 0.1 by the  obser- 

vat ions a t  1422 Mc/s of Barber e t  a l .  ( 18): 

These objects a l l  show evidence f o r  la rge  fluxes a t  high frequencies ( 75). 

A number of other  WO's have been studied by the interferometer technique 

at 408 Mc/s and 3C 286, 147, 48, 273, 287, CTA 21, CTA 102, 3C 119, 3C 138, 

3C 279, 3C 345, and 3C 380 a l l  have s igni f icant  fluxes coming from sizes 

3C 279, 3C 345 and 3C 380. 

1 1  

5 0.5. 

The method of lunar  occultations i s  being used t o  determine posi t ions 

of sources and s t r u c t u r a l  charac te r i s t ics  Sy a nmber  of groups, notably by 
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Hazard, and a l s o  by von Hoerner; they have worked extensively on 3C 273. 

Hazard, 

with a separat ion of 191'6 and tha t  the  two components had very d i f f e ren t  

spectra .  Component A had a value of cy of about -0.9, while 3C 279 which 

i s  associated with the op t i ca l  object and agrees i n  pos i t ion  with it t o  

Mackey & Shimmins (103) f i r s t  showed t h a t  t h i s  object was double 

about 0:'l had a spec t r a l  index with CY - 0. Both components are elongated 

along the l i n e  joining them. It appears now from the work of von Hoerner 

t h a t  t he  s t ruc tu re  of both components depends s t rongly on frequency. B i s  

a s ingle  s t rong component about 2'' wide a t  2695 Mc/s; a t  735 Mc/s it shows 

a halo about 6" long and a core 5 1" which e m i t s  30% of  the  f lux.  The core 

is  l e s s  pronounced a t  405 Mc/s, but a t  the  lower frequencies B shows a deep 

minimum a t  the  center.  A seems t o  have a cen t r a l  dip a t  2695 Me; a t  735 Me 

it has a halo about 10" long and a core < 1" (with 30% of f lux)  a t  the  lower 

frequencies. A has a length of ha l f  power points  of about 4", but  shows a 

f a i n t ,  very f la t  extension about 23" long. 

work the  spectrum of A is a s t r a igh t  l i n e  with CY = -0.68 fo.08. The spectrum 

of B is a s t r a i g h t  l i n e  only above 400 Mc/s, with CY = q.25 fo.08; it cuts  

o f f  toward lower frequencies. 

p a r t  and a cen t r a l  p a r t  4.8 long. 

with CY = -0.82 fo.22 while the low-frequency cutoff  f o r  the  center  of B i s  

very steep. 

a complex s t ruc tu re  has so far been found only i n  3C 273, but  it may be ex- 

pected t o  be general ly  present.  

According t o  t h i s  more recent 

Each component i s  then divided in to  an outer  
11 

The cen t r a l  spectrum of A i s  s t i l l  s t r a i g h t  

Both outer  halos are very similar and give CY = -0.45 fo.20. Such 

Method (3) has been used t o  show t h a t  the  angular s i zes  of the  QSO's  

3C 48, 119, 138, and 147 have components t h a t  l i e  i n  the s i z e  range O:'3 t o  

Oy8 (lob).  

(66, 67 ) f o r  a considerable number of sources. 

S c i n t i l l a t i o n  measurements have now been carr ied out a t  Arecibo 

Also, according t o  Bolton ( 25) 
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a considerable amount of s c i n t i l l a t i o n  data have been obtained by Ekers 

with the 210-ft. Parkes radio telescope. 

PROPER MOTIONS 

I f  the  QSO's were r e a l l y  loca l  objects ,  within (say) a few hundred 

parsecs of the  Sun, as  had t o  be considered i n  the  o r ig ina l  discussion by 

Greenstein & Schmidt ( 97) on whether they could be collapsed s te l lar  objec ts  

with la rge  gravi ta t ion  redshi f t s ,  then proper motions might have been expected 

t o  be detectable .  

Jeffreys (119) made a study of the  proper motion of 3C 273, using 14 

p l a t e s  covering the  period 1887-1963. 

but  an attempt was made t o  reduce the  systematic e r r o r s  i n  such a deter-  

mination by using a la rge  number of reference stars. 

motion was found t o  be: 

The p l a t e  mater ia l  was not homogeneous, 

The absolute proper 

PCY = + o ~ O O O g  K,:0025/yr 

= -0 YO012 rto ?0025/yr. 

Because of the pos i t ion  of 3C 273, i n  a d i r ec t ion  approximately a t  r igh t  

angles t o  the  d i r ec t ion  of t h e  Sun ' s  pecu l i a r  motion, Je f f reys  concluded 

t h a t  t he  object was l i k e l y  t o  be more d i s t a n t  than 2000 pc (unless it were 

t r a v e l l i n g  p a r a l l e l  t o  t he  Sun a t  t he  same speed). Its high ga lac t i c  Lat i tuae 

would then mean t h a t ,  if it belonged t o  our Galaxy, it might w e l l  have a 

d i f f e r e n t  ga lac tocent r ic  ve loc i ty  from t h a t  of t he  Sun, which should i n  t u r n  

lead  t o  a detectable  proper motion unless it were a t  an even g rea t e r  dis tance,  

e f f e c t i v e l y  outs ide the  Galaxy. 

% 

Luyten & Smith (133) made a study of 12 @O's, and e s s e n t i a l l y  the same 

result was found fo r  a l l  12 objects :  the r e l a t i v e  proper motions were of 

the  same order of magnitude as  the  estimated mean e r r o r s .  

measured f o r  3C 273 did not agree with t h a t  measured by Jef f reys .  

The proper motion 

The 1 2  
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objects were averaged i n  3 groups, and the mean proper motions were found 

t o  be the inverses of the expected p a r a l l a c t i c  motions of the comparison 

stars, as would be expected i f  the QSO's have zero absolute proper motion. 

Luyten & Smith concluded t h a t  the &SO'S, as e f f e c t i v e l y  s ta t ionary  objects  

with s t e l l a r  images, are idea l  objects for determining the corrections from 

r e l a t i v e  t o  absolute proper motions. 

SPATIAL DISTRIBUTION 

With only 120 g$O's pos i t ive ly  i d e n t i f i e d  it is  too e a r l y  t o  gain 

much information by looking a t  the d i s t r i b u t i o n  of these objects i n  the sky. 

The work of the Cambridge radio astronomers has shown t h a t  there  is  a f a i r l y  

high degree of isotropy present as far as the radio sources as a whole are 

concerned. However, i n  the large scale  surveys complete ident i f ica t ions  

i n t o  the two non-galactic categories of q u a s i - s t e l l a r  objects and radio 

galaxies have not been made, and it is  premature t o  claim (131) t h a t  the  

results obtained so far suggest t h a t  the  QSO's are a t  cosmological distances.  

It is  of some i n t e r e s t  t o  see whether the G O ' S  are d is t r ibu ted  i n  such a way 

as t o  suggest t h a t  they may have some physical  re la t ionship with o ther  extra-  

g a l a c t i c  systems. The evidence bearing on t h i s  comes from di f fe ren t  d i rec t ions  

and is very preliminary. 

The r e l a t i o n  between quas i - s te l la r  objects and c l u s t e r s  of galaxies.  - 
m If the objects are a t  cosmological distances they are approximately 3 

than the br ightes t  galaxies i n  clusters.  In addi t ion,  there  w i l l  be an 

appreciable K correct ion f o r  the galaxies which w i l l  not apply f o r  the g$O's  

and t h i s ,  f o r  a redshi f t  of z = 0.5, amounts t o  near ly  2 (184). Consequently 

t h e  gSO's w i l l  appear approximately f ive  magnitudes b r i g h t e r  than the  br ight-  

e s t  galaxies i n  c l u s t e r s  i n  which they might l i e  f o r  redshi f t s  near 0.5.  

The n a j o r i t y  of ident i f ica t ions  of G O ' S  have been made with the @-inch 

b r i g h t e r  

m 
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Palomar Sky Survey p l a t e s  and the  normal l i m i t  of these p l a t e s  i s  20'fO 

(visual) .  

be iden t i f i ed  on these p l a t e s  i f  the  QSO's were  b r igh te r  than 15m. 

A preliminary conclusion is  therefore  t h a t  c lus t e r s  would only 

Only 

3C 273 is  b r igh te r  than t h i s  and ce r t a in ly  no c l u s t e r  is  associated with 

it. However, it is known t h a t  there is only a weak cor re la t ion  of r edsh i f t  

with apparent magnitude, and there  are eleven Q,SO's now known besides 3C 273 

with r edsh i f t s  z < 0.5, and o f  these four  have magnitudes b r igh te r  than 16 

and seven have magnitudes br ighter  than l?. 

z > 0.5, but  i s  b r igh te r  than 16m. In  these cases the  K correct ion fo r  t he  

galaxies,  i f  they were preseirt., would be l e s s  than 1.9, and we might expect 

therefore  t h a t  the  difference between the  'apparent br ightness  of  t he  &SO and 

c l u s t e r  galaxies  would of ten be less than 4 magnitlJdes, so t h a t  galaxies 

m 

Also, 3C 232 has a r edsh i f t  

m 

would be detectable .  However, none have been seen. 

In a number of  cases p l a t e s  reaching 1-2 magnitudes f a i n t e r  than Sky 

Survey p l a t e s  have been taken f o r  f i e l d s  incorporating the  Q,SO's, and in-  

spect ion of those p l a t e s  shows no galaxies.  

Mi l l e r  (184) have used a spec ia l  emulsion with which they were able t o  reach 

apparent magnitude 24.5 (b lue) ,  and no galaxies were found. 

In the case of 3C 48 Sandage & 

m 

Are c p s i - s t e l  l a r  objects  associated with individual b r igh t  galaxies? - - 

If it could be es tab l i shed  that QSO's are associated with a p a r t i c u l a r  kind 

of  galaxy, then it would be s t rongly presumed t h a t  they have some genet ic  

re la t ionship  with these galaxies.  

recent ly  been presented by A r p  (lo, 11 ). 

h i s  A t l a s  of Pecul iar  Galaxies (12 ) l i e  c loser  t o  the radio sources than 

would be expected i f  the  radio sources were d i s t r ibu ted  a t  random with re- 

Evidence bearing on t h i s  p o s s i b i l i t y  has 

H e  concluded t h a t  galaxies i n  

spec t  t o  the pecul ia r  galaxies.  He noticed t h a t  radio sources with similar 

flux dens i t i e s  tend t o  form pa i rs  separated by from 2' t o  6- on the  sky and 
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t h a t  there  was a tendency f o r  a cer ta in  c l a s s  of pecu l i a r  galaxy t o  f a l l  

approximately on the  l i n e  joining the  pa i r .  These pecu l i a r  galaxies  a re  

oIften e l l i p t i c a l  galaxies  which he bel ieves  show evidence f o r  s t ruc tu res  which 

may have been e jec ted  from them. I n  some cases the re  is evidence t h a t  more 

than two radio sources are associated with a given pecu l i a r  galaxy. 

The double nature of radio sources is well  es tab l i shed .  I n  f a c t  A r p ' s  

hypothesis is i n  a sense only an extension of t he  previously well-known 

observation t h a t  the  bulk of t he  radio sources are double, but A r p  has 

attempted t o  e s t ab l i sh  the  existence of double sources with much wider 

angular separat ions than accepted before.  

t he  objects  have previously been iden t i f i ed  with S O ' S  and apparently more 

d i s t a n t  radio galaxies.  

However, i n  A r p ' s  case some of 

Unless a l l  of t he  evidence presented by A r p  is due t o  chance coincidence, 

then  it must be concluded t h a t  the g$O's do not l i e  a t  cosmological dis tances .  

A t  present  most workers are somewhat skep t i ca l  of the  data, and intensive 

work on t h i s  aspect of t he  QSO's is underway. 

S i m i l a r i t i e s  i n  p a i r s  of radio sources. - There is some evidence con- 

cerning the  s i m i l a r i t y  of p a i r s  of rad io  sources. Moffet (149) has shown 

t h a t  the  radio sources 3C 343 and 3C 343.1 have very  s imi l a r  power l eve l s  

and very s imi l a r  radio spectra ,  though they are separated by 29'. 

both  exceedingly small radio sources with angular sizes S 10" so t h a t  the  

r a t i o  of separat ion t o  s i z e  exceeds 200. No o p t i c a l  i den t i f i ca t ions  have 

been made f o r  these sources, but t he  curved radio spec t ra  s t rongly  suggest 

t h a t  they are quas i - s t e l l a r  objects .  Moffet has estimated t h a t  there  is  a 

They are 

-6 probab i l i t y  - 10 

are a t  cosmological dis tances  t h e i r  separat ion i n  space would be so la rge  

t h a t  physical  assoc ia t ion  is  quite unreasonable. I f  they a re  physical ly  con- 

nected, one might argue therefore  the  objects  have a much smaller separat ion 

t h a t  t he  objects  are not phys ica l ly  connected. If they 
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(at a distance of 10 Q c  t h i s  would be 

been e jec ted  from a l o c a l  G O ,  or might be a p a i r  of i den t i ca l  G O ' S  which 

have been e j ec t ed  from a galaxy. However, the  case of the  p a i r  of radio 

sources forming 3C 33 (Moffet (148)) should a l s o  be mentioned. 

l a r  s i t u a t i o n  preva i l s .  The two sources a re  small and very s imi l a r  and the  

r a t i o  of separat ion t o  s i z e  is 16. In t h i s  case an o p t i c a l  galaxy is 

9 Kpc) and both sources might have 

Here a simi- 

i den t i f i ed  as the  object  giving r i se  t o  the  p a i r  of radio sources, and i f  

t h i s  i den t i f i ca t ion  is cor rec t  the p a i r  l i e s  a t  a modest dis tance.  

There is only one QSO known so f a r  l y ing  very  close in  the  plane of the  

sky t o  a b r igh t  galaxy with some o p t i c a l  p e c u l i a r i t i e s .  This is 3C 275.1; 

it l ies  very close t o  NGC 4651, so close t h a t  the  o p t i c a l  i d e n t i f i c a t i o n  was 

o r i g i n a l l y  thought t o  be with NGC 4651. 

extending approximately i n  the  d i rec t ion  of the  e o .  

The galaxy has a f a i n t  t a i l  o r  jet  

CORRELATIONS AND STATISTICS 

Redshift - Apparent Magnitude Relation 

If the  quasi-stellar objects are at cosmological distances,  the  m-log z 

Sandage (179) made r e l a t i o n  may be used t o  invest igate  cosmological models. 

a plot  of the  r e l a t i o n  between apparent magnitude and r edsh i f t  f o r  t he  t e n  

($30'~ whose redshi f t s  were known a t  t h a t  time, alongside a s imi l a r  p l o t  f o r  

t he  radio galaxies ,  and t h e  QSO's a l ready  showed considerable s c a t t e r .  N o  

cor rec t ion  f o r  K-effect was applied t o  the  magnitudes of the QSO's; as al- 

ready discussed, t h i s  correction is very small f o r  WO's unless t h e i r  continua 

have slopes d i f f e r ing  considerably from t h a t  given by F(v) a v-' (180). 

An a l t e r n a t i v e  way of cor re la t ing  o p t i c a l  luminosity with r edsh i f t  i s  

t h a t  adopted by Schmidt ( 1911). 

with 90 = +1) he calculated the monochromatic flux from nine WO's a t  an 

For a chosen cosmological model (evolutionary, 
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0 
emitted frequency of 1015 c/s, i . e .  a t  a r e s t  wavelength of 3000A, and 

examined whether these fluxes were approximately the  same f o r  a l l  the  objec ts .  

Since s p e c t r a l  scans covering the whole wavelength range, from near 3OOOA t o  

gOOOA, did not e x i s t ,  he used the UBV photometry and found t h a t  the f l u e s  

of the nine objects  were consistent with an evolutionary cosmology with 

s, = +1, with a s c a t t e r  whose extreme range is  a f ac to r  20. 

0 

0 

A s  new redsh i f t s  have become ava i lab le ,  the  s c a t t e r  i n  the  apparent 

magnitude-redshift r e l a t i o n  has become l a r g e r  instead of smaller  (108). 

p l o t  of the  present  data w i l l  be found i n  (50 ). 

there  is shows a s c a t t e r  of a similar order  of magnitude t o  the  t o t a l  span 

of the  re la t ion .  

'?,SO'S (more than 3 magnitudes or  a f ac to r  of near ly  20 i n  the  case of 3C 446), 

such s c a t t e r  is not surpr i s ing .  The p l o t  represents,  i n  fac t ,  the  qua l i t y  

of the  i n t r i n s i c  luminosity function of the  QSO's, r a t h e r  than a meaningful 

d i s  tance-redshift  r e l a t ion .  

A 

What l i t t l e  co r re l a t ion  

Indeed, with the luminosity va r i a t ions  shown by individual  

Redshift - Radio - Flux Correlat ion 

Hoyle and Burbidge (108) p lo t t ed  the  logarithm of the  radio f lux  (or 

radio apparent magnitude) a t  178 Mc/s against  (l+log z )  f o r  the  $ 0 ' ~  i n  

the  3C R catalogue and t h i s  showed even more s c a t t e r  than the  similar p l o t  

o f  r edsh i f t s  against  o p t i c a l  apparent magnitudes. 

cor re la t ion ,  and t h i s  implies t h a t  the  range in  apparent radio fluxes i s  not 

determined by a range i n  distances but  e n t i r e l y  by the  i n t r i n s i c  spread in  

the  radio proper t ies  of the  QSO's. 

There was no s ign  of any 

Bolton (25 ) suggested t h a t  such a p l o t  made with rad io  measures a t  the  

zomparatively low frequency of 178 Mc/s, contains objec ts  with a v a r i e t y  of 

rad io  spectra ,  and he p lo t t ed  ( l+log z) against  radio magnitude a t  1410 Mc,  

f o r  WO's i n  the Parkes catalogue. While such a p l o t  shows an equal ly  large 



overa l l  s c a t t e r ,  one can make a d i s t i n c t  separat ion i n t o  two groups i f  one 

considers objects  with f l a t  o r  r e l a t ive ly  f l a t  radio spec t ra  as one group 

and objects  w i t h  s teep  radio spectra as another group. The objects  w i t h  

s teep  radio spectra  show no posi t ive cor re la t ion ,  and Bolton suggested that  

t h i s  is simply a r e f l ec t ion  of a very  la rge  dispers ion i n  the relevant in- 

t r i n s i c  radio luminosit ies.  The G O ' S  w i t h  f l a t  radio spectra  may a l l  

undergo synchrotron self-absorption and the radio emission may be emanating 

from a very small volume; Bolton suggested t h a t  such objects  might have l e s s  

i n t r i n s i c  spread i n  t h e i r  high-frequency radio radiat ion,  and, while there  

is no very d i s t i n c t  re la t ionship,  the  s c a t t e r  f o r  the  flat-spectrum sources 

is considerably lower than f o r  the others .  

Log N - Log S Curve 

For a uniform d i s t r ibu t ion  of sources of rad ia t ion  i n  Euclidean space, 

with a luminosity d i s t r ibu t ion  tha t  is independent of distance,  a p l o t  of  

l og  N against  log S (N = number of sources b r igh te r  than f lux S )  should have 

a slope o f  -3/2. 

correct ion (but t h i s  is small), (2) the  f a c t  t h a t  the redshi f t  reduces the 

br ightness  over and above the  inverse square l a w ,  and (3) an increased 

For l a rge  redshi f t s  t h i s  w i l l  be modified by (1) the  K- 

d ~ a f t g  sf sn ix res  i n  the  pas t  i n  an evolutionary universe. 

In the  steady s t a t e  universe t h i s  last e f f e c t  is not present,  but  i n  

the  evolutionary models t he  second e f f e c t  overwhelms the t h i r d .  

l o g i c a l  e f f e c t s  w i l l  tend t o  reduce the  slope of the log N - log  S p l o t .  

Thus cosmo- 

In the e a r l y  work on the  source counts of a l l  radio sources by Ryle & 

Scheuer (176) t he  slope of  the  log N - log  S curve was about -3, much s t eepe r  

than any predicted values.  

a slope of about -1.8. 

Next a survey by Mills, Slee, & H i l l  (145) gave 

The next survey was made i n  1959 ( 78) and gave a 

slope of about -2. A fu r the r  survey was then car r ied  out with g rea t ly  in- 

- 43 - 



creased prec is ion  by the Cambridge group (202) and t h i s  gave a slope of 

-1.8. Most recent ly  a survey has been car r ied  out by Bolton, Gardner, & 

Mackey ( 32) and t h i s  gives a slope of -1.85. 

evidence from severa l  independent groups t h a t  the slope of the  log N - log S 

curve f o r  a l l  sources is near -1.8. 

Thus there  is  now good 

Since the  cosmological e f fec ts  a l l  tend t o  f l a t t e n  the  curve t o  values 

below -1.5, it is  obvious t h a t  other  e f f e c t s  must be present t o  explain the  

observed slope. Ei ther  an excess of  f a i n t  sources, o r  a d e f i c i t  oT br ight  

sources is  required. If an excess of f a i n t  sources is  present ,  t h i s  could 

be caused by the i n t r i n s i c  brightness of a source being a function of i t s  

time of formation i n  an evolving universe, and the  e f f e c t  has been used as 

a s t rong argument against  the  s teady-state  cosmological theory. If the slope 

were due t o  a d e f i c i t  of b r igh t  sources, t h i s  could be explained by postulat ing 

a l o c a l  i r r e g u l a r i t y  i n  d is t r ibu t ion .  

These invest igat ions w e r e  carr ied out a t  a time when the  majority of the  

radio sources remained unidentified,  though they were l a rge ly  thought t o  be 

associated with galaxies .  Since a considerable f r ac t ion  of  the  3C R sources 

are now ident i f ied ,  d r o n  has p lo t ted  the  log N - log S curve separa te ly  f o r  

rad io  galaxies and @ O ' s  (224), and has found t h a t  f o r  the  radio galaxies the  

slope is -1.5, while f o r  QSO's it is about -2.2. 

sources i n  the  revised 3C R taken toge ther  was made ear l ier  by mle & Neville 

(174) and gives a slope o f  -1.85. 

is presumably due t o  the  f a c t  tha t  t he  s i z e  of t he  region over which the  3C 

survey sources have been found is small enough so t h a t  the  Euclidean space 

approximation holds. The grea tes t  r edsh i f t  known so f a r  f o r  a radio galaxy 

is t h a t  for  3C 295, z = 0.46, and the  majority of the  radio galaxies  s o  f a r  

s tud ied  spectroscopical ly  have z 2 0.2. Thus i n  t h i s  survey a t  least the  

The slope for  a l l  296 

The value of  -1.5 obtained f o r  the  galaxies 
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departure from the -3/2 l a w  a r i ses  from the QSO's. 

explanations f o r  t h i s .  If the  QSO's are cosmological, then we must a t t r i b u t e  

t h i s  s teeper  slope t o  evolutionary e f f e c t s  i n  an evolving universe, as has 

been done by Longair (131). Alternatively,  i f  they are local ,  t h i s  slope 

m u s t  be a t t r i bu ted  t o  the l o c a l  conditions under which these objects  were 

e jec ted  from galaxies.  

There are t w o  possible  

A discussion of e f f e c t s  t o  be expected i n  the log N - log S p l o t  fo r  

much f a i n t e r  sources on the cosmological and the l o c a l  hypotheses f o r  QSO's 

was given i n  (1). 

Another type of argument t o  explain the observations and preserve the  

steady s t a t e  theory has been proposed (197, 198,201). This involves the  idea 

t h a t  another c l a s s  of i n t r i n s i c a l l y  very f a i n t  objects  - Q,SO's with zero red- 

s h i f t ,  ly ing  a t  cha rac t e r i s t i c  distances of - 100 pc - is present.  

no d i r e c t  evidence, however, f o r  t he  exis tence of such objects.  

There is 

The assumption underlying the s tud ies  of  t he  log N - log S curve f o r  

cosmological purposes is  that the slope is t o  be accounted f o r  by a distance- 

volume e f f e c t .  Hoyle & Burbidge (108) tested t h i s  f o r  a sample of about 30 

QSO's f romthe  3C catalogue fo r  which redshi f t s  were known, and showed t h a t  

the  Ing N - log S p l o t  f o r  these objects  has a slope near t o  -1.5, not qui te  

as steep as the  value of -1.8 obtained from the counting of a l l  radio sources 

and not as s teep  as the  value of about -2.2 obtained by Veron f o r  a l l  WO's 

i n  the 3C catalogue. The pa r t i cu la r  value of  the  slope, depending a t  the  

b r igh t  end on very f e w  points ,  is not s ign i f i can t .  

s ign i f i can t ,  however, is t h a t  even t h i s  small sample of G O ' S  gives a log N - 
l og  S slope near -1.5. The distance volurne in te rpre ta t ion  requires t h a t  the 

objects  with smaller S are a t  greater  distances,  and i f  redshi f t s  are cosmo- 

l o g i c a l  i n  or ig in  small S must be correlated with large z. From the redshi f t  

1 

What does appear t o  be 

- 45 - 



i a  

a 

apparent radio magnitude p l o t  f o r  these objects  it is obvious t h a t  no such 

cor re la t ion  e x i s t s .  Thus i f  it is assumed that  the distance-volume in t e r -  

p re ta t ion  of the  log  N - log  S re la t ion  holds, it m u s t  be concluded t h a t  the  

redshi f t s  have nothing t o  do w i t h  dis tances .  

This invest igat ion was c r i t i c i zed  by Longair (l31), Sciama & Rees (199), 

and Roeder & Mitchel l  (172), who thought Hoyle & Burbidge had concluded un- 

condi t ional ly  t h a t  redshi f t  had nothing t o  do with dis tance.  However, the  

conclusion s t a t e d  above can be inverted t o  the  form: If the  r edsh i f t s  are 

related t o  distance i n  the  usual cosmological sense, then the  distance-volume 

in t e rp re t a t ion  of NS3/2 M constant m u s t  be abandoned f o r  t he  sources i n  t h i s  

p a r t i c u l a r  sample. Consider t he  sources i n  a s h e l l  between dis tances  r and 

r + dr .  Provided these sources have an i n t r i n s i c  s c a t t e r  i n  t h e i r  radio 

emission they w i l l  exhib i t  a l o g  N - Log S curve. If a l l  such s h e l l s  have 

t h e  same log N - log S curve then summation of a l l  s h e l l s  w i l l  give a curve 

r e l a t ed  t o  i n t r i n s i c  s c a t t e r ,  not t o  dis tance.  This is the  point  made by 

Bolton (25 ). In  order  t h a t ' a l l  s h e l l s  give the  same log  N - log  S curve, 

however, it is  necessary f o r  the  average emission t o  vary i n  a spec ia l  way 

from one s h e l l  t o  another. This indeed is the  suggestion of Longair and of 

Seeder & X i t c h e l l ,  

and hence of  the  epoch. 

with the  s t r i c t  steady-state theory (1.99). 

T t  requires the average emission t o  be a function of r 

Such an in t e rp re t a t ion  is evident ly  i n  disagreement 

Finally,  t he  status o f t h e  rad io  sources which remain unident i f ied should 

be mentioned, s ince they a f f e c t  t he  s t a t i s t i c s .  

good rad io  posi t ions,  i n  unobscured fields, l i e  i n  apparently empty fields,  

t o  the  limits of t he  Palomar Sky Survey. 

are probably ~ O ' S ,  while Bolton (25 

galaxies .  A t  present,  it is the reviewer's opinion t h a t  Bolton's view is the 

In t h e  3C, many sources w i t h  

d r o n  (224) believed t h a t  these 

bel ieved t h a t  they are probably radio 
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more l i k e l y  t o  be correct .  Sandage is carrying out a search of the empty 

fields with the 200-inch Palomar telescope, which goes t o  a l i m i t  some 3 

magnitudes f a i n t e r  than the Sky Survey. 

THE NATUHE OF THE Q U A S I - S T E U R  OBJECTS 

When large redshi f t s  were f irst  found i n  QSO spectra ,  and shown (97 ) 

t o  be probably Doppler s h i f t s ,  it was assumed by near ly  everyone tha t  they 

were due t o  the  expansion of the universe and the  QSO's were  consequently a t  

very large distances.  

e n t i t i e s  that have been e jec ted  f r o m  the nucleus of  our Galaxy i n  an explosive 

event like those, giving rise t o  radio galaxies.  

tended t h i s  t o  the p o s s i b i l i t y  t ha t  they might have been e jec ted  f rm the  

Terrell (221), however, suggested that QSO's a re  

Hoyle & Burbidge (107) ex- 

s t rong nearby radio @axy NGC.5128. A r p  (lo,, 11) fur ther  extended it t o  

suggest that p a i r s  or g r o w s  of radio sources, including QSO's, are e jec ted  

f r c ~  a class of  pecul ia r  galaxies. There are d i f f i c u l t i e s  i n  in te rpre t ing  

the observations i n  terms of a l l  of these p o s s i b i l i t i e s ,  and these problems 

w i l l  be b r i e f l y  discussed. 

Cosmological Hypothesis 

The d i f f i c u l t i e s  here s t e m  mainly from the  observed op t i ca l  and radio 

var ia t ions  and the consequent small dimensions set by the short t i n e  sca les  

and the  condition R 5 CT, coupled with the f a c t  that, a t  cosmological d i s -  

tances,  the objects  are emitt ing very large amounts of radiat ion ( 4 0  times 

the  op t i ca l  radiat ion of the br ightes t  galaxies,  on average, and, including 

the microwave and infrared radiat ion i n  3C 273, some erg/sec. 

The first  indications t h a t  there were  d i f f i c u l t i e s  with simple homo- 

geneous models came f r o m  the discovery of the time var ia t ions  of 3C 2 7 3  a t  

8000 Mc/s by Dent (73 ) and in te rpre ta t ion  of the data.  

which synchrotron self-absorption s e t s  i n  i s  re la ted  t o  the s i ze  of the 

The frequency a t  
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object,  the  flux radiated a t  t h a t  frequency, and the  magnetic f i e l d  s t rength.  

For the parameters thought t o  be appropriate  f o r  3C 2 7 3  a t  t h a t  time the  time 

sca le  f o r  va r i a t ion  came out t o  be T 2 23  years, f o r  a frequency v = 400 Mc and 

magnetic f i e ld  B 2 gauss. In h i s  o r i g i n a l  ca lcu la t ion  of t h i s  result Dent 

made a numerical e r r o r  which was corrected by Field (85). 

s ion  a t  v = 400 Me t o  which the spectrum extends with no cutoff  arises from 

the  same region as t h a t  giving t h e  secular  va r i a t ions  a t  8000 Mc, then the  

value T 2 23 years was j u s t  compatible with Dent's result t h a t  t he  f lux  in- 

creased by 40$ i n  & years.  Otherwise it m u s t  be concluded t h a t  e i t h e r  t he  

synchrotron mechanism is  not operating, o r  e l s e  t h a t  the  object  is not a t  a cos- 

mological distance.  If v = 8000 Mc is  used i n  the  self-absorpt ion equation, t he  

relevant  dimension is  0.5 1.y. for  3C 2 7 9  a t  a cosmological dis tance.  Rees & 

Sciama (169) assumed t h a t  the  source 3C 273 contains an exceedingly small com- 

ponent with a dimension 

with a dimension - 0.5. Then f o r  a la rge  enough magnetic f i e l d  i n  the  cen t r a l  

source, B 2 1 gauss, they were able t o  account f o r  the  var iab le  f lux  a t  8000 Mc/s. 

Hoyle & Burbidge considered a more general  c l a s s  of models i n  which the  

If the  radio emis- 

seconds of a r c  buried i n  a much l a r g e r  source 
I' 

magnetic f i e l d  i n  the  object is not assumed constant and the  radio spectrum is 

control led by va r i a t ions  i n  the  magnetic f i e ld .  It can then be shown t h a t  the  

f l a t  form ot' the  spectrum observed i n  3C 273;; C a l i  "ue ~ " u t ~ l m d ,  and t h ~ t  it 

continues down t o  200 Me without being self-absorbed. 

t o  a s i t u a t i o n  i n  which d i f f e ren t  s h e l l s  are contr ibut ing t o  the  rad io  flux 

i n  d i f f e ren t  energy ranges. Hoyle & Burbidge concluded t h a t  such a model f o r  

3C 2 7 3  could s a t i s f y  the requirement t h a t  the  process operating be the  synch- 

ro t ron  process and t h a t  it could be a t  i t s  cosmological dis tance.  

This type of model leads 

Ginzburg & Ozernoy (93) concluded t h a t  under ce r t a in  conditions, pro- 

vided t h a t  there  is  equipar t i t ion  between p a r t i c l e  and magnetic energies,  

i n  an inhomegeneom model more energy is required t o  give the  observed flux. 

They suggested coherent plasma osc i l l a t ions .  For the  G O ' S  i n  general  it 
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appears t h a t  the very small source sizes require t h a t  i f  t he  synchrotron 

mechanism is  operating the  conditions a re  ac tua l ly  very far from the  equi- 

p a r t  it ion condition ( 229). 

S t e in  (213) considered the varying microwave rad ia t ion  i n  3C 273, and 

showed t h a t  magnetic f i e l d s  near lo5 gauss m u s t  be invoked f o r  plasma osc i l -  

l a t i ons  t o  be responsible. A consis tent  model producing t h i s  rad ia t ion  by 

the synchrotron mechanism, a t  a cosmological distance,  does not seem possible .  

A fu r the r  problem caused by the  l i m i t  R < c-r arises through the  very 

la rge  radiat ion densi ty  within the small volume and the  consequent competition 

between the  synchrotron mechanism and the  inverse Compton process as the  

dominating source of energy-loss of  the  high-energy p a r t i c l e s .  

(110) showed tha t ,  i n  3C 273, f o r  t he  synchrotron mechanism t o  dominate, 

B 2 15 gauss, while  i n  3C 446, with a much shor t e r  va r i a t ion  period and con- 

sequently smaller dimension, B 2 400 gauss. 

then be very shor t  s o  that  a large number of co-phased sources of in jec t ion  

31 acce lera t ion  of  charged pa r t i c l e s  thoughout the  object would be necessary. 

Hoyle e t  a l .  

The e lec t ron  lifetimes would 

Woltjer ( 2 9 )  considered the e f f e c t  of a non-isotropic rad ia t ion  f ie ld .  

The Compton process becomes less important f o r  close alignment of  the  l i g h t  

beam with the  magnetic f i e l d .  For an assumed set of conditions, Woltjer 

showed t h a t  t he  synchrotron process can dominate over the  inverse Compton 

e f f e c t  f o r  values of the  magnetic f i e l d  about one order of  magnitude smaller 

than those given above. 

t rons  must have very small p i tch  angles. 

The magnetic f i e l d  has t o  be rad ia l ,  and the  elec-  

Another kind of model i n  which the  f lux is emitted from coherent blobs 

of matter moving a t  r e l a t i v i s t i c  speed was suggested by Hoyle & Burbidge (109). 

A s  already mentioned, Rees (168) pointed out  t h a t  a r e l a t i v i s t i c a l l y  

expanding cloud can increase i ts  apparent angular s i z e  a t  y times the  r a t e  v 
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I. 
1 

v2 -7 
given by the usual non-re la t iv i s t ic  formula, where y = (1 - ?) , V being 

C 
V 

the expansion veloci ty ,  which relaxes the  condition R < CT.  This model was 

suggested t o  explain a s teep  r i s e  i n  radio emission; probably a model could 

be constructed involving the accelerat ion of emitt ing mater ia l  t h a t  gave a 

similar result f o r  o p t i c a l  radiation. However, the f luctuat ion data involve 

decreases of l i g h t  as well as increases, and the  s i t u a t i o n  f o r  a f a l l  i n  

apparent magnitude is not so c l e a r  i n  a simple r a d i a l l y  expanding model. 

It has been suggested ( 2 9 )  t h a t  s ince a t  least one galaxy (NGC 1275) 

is known t o  show var ia t ions  in  high-frequency radio flux, similar t o  the  

var ia t ions  seen i n  a number of Mots ,  t h i s  i s  evidence supporting the  view 

t h a t  the QSO's are a t  cosmological distances.  

countered with the  cosmological models of the  Q,SO's s t e m ,  as just shown, from 

the  very high dens i t ies  of radiation which, i n  turn,  a r i s e  because of the very 

g E a t  distances of the  objects.  No d i f f i c u l t i e s  are encountered i f  the objects  

are closer by, and none are encountered i n  the  case of NGC 1275 simply because 

it l ies  a t  a distance of only about 50 Mpc. 

However, the d i f f i c u l t i e s  en- 

Hypothesis That Qj3O's Were Ejected From Our Galaxy Or A Nearby Galaxy 

Terrell (221,222) originated t h i s  idea, suggesting our  Galaxy as the  s e a t  

)I" u r i g i i i .  

iearby galaxy i s  chosen, and unless the  explosion occurred long enough ago 

fo r  the objects  t o  have passed the observer, some objects would be seen 

approaching the observer, and consequently they would have blueshif ted spectra.  

No b lueshi r t s  have been observed. 

t r i b u t i o n  of objects .  Preliminary evidence (218) does suggest t h a t  t h e r e  

may be an anisotropic  d is t r ibu t ion  of redshi f t s  on the  c e l e s t i a l  sphere, but 

more work is needed i n  t h i s  f ie ld .  

E Q - ~  & B,ur3idge de~elnpecl i-t., suggesting NGC 5128. Unless a 

Also, there  would not be an i so t ropic  dis-  
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The main objeztions t o  t h i s  form of the l o c a l  hypothesis are twofold: 

(1) No mechanism leading t o  the e jec t ion  of coherent blobs of matter moving 

a t  r e l a t i v i s t i c  speeds has been suggested, and (2) The t o t a l  energy release 

needed i n  an event leading t o  such e j e c t i o n  would be very la rge .  

Regarding (2), the  k i n e t i c  energies of  the r e l a t i v i s t i c a l l y  moving 

objects depend on the masses. 

masses by supposing t h a t  the emission l i n e  widths were due t o  la rge  random 

motions of gas and t h a t  there  m u s t  be a c e n t r a l  mass large enought t o  s tab i -  

l i z e  the  object grav i ta t iona l ly .  From t h i s  argument they obtained masses of 

the  order of lo7 - 10 Ma for  3C 273 and 3C 48 on the l o c a l  hypothesis. How- 

S e t t i  & Woltjer (203) estimated the t o t a l  

a 

ever, t h e i r  argument is v i t i a t e d  if the l i n e  broadening is not due t o  mass 

motions, and, as discussed i n  the sec t ion  on l i n e  spectra,  e lec t ron  s c a t t e r -  

ing may well be the  dominant line-broadening mechanism. 

Another method of estimating the mass of a l o c a l  Q,SO is t o  swpose t h a t  

it does not conserve i ts  mass and t h a t  gas is continuously escaping from it. 

Bahcall, Peterson, & Schmidt ( 1 5  ) considered the  absorption l i n e s  i n  some 

QSO's, p a r t i c u l a r l y  PKS 1116+12, as evidence f o r  such mass loss. Estimating 

l i f e t i m e s  of 10 years for  @ O ' s  as l o c a l  objects,  and supposing the average 

z % ~ z ~ t i o r ?  1tne phase lasts 1/10 of this, with continuous e j e c t i o n  at 

17,000 km/sec i n  PKS 1116+12, the t o t a l  mass of gas which has escaped was 

found t o  be N 10 Counter arguments can c l e a r l y  be raised i n  which the 

various assumptions underlying t h i s  calculat ion are questioned; u n t i l  a de- 

f i n i t i v e  model accounting f o r  the absorption l i n e s  is produced, the question 

is cont rove rs i a l  . 

a 

9 
Ma. 

Hypothesis That QSO's Were Ejected From Many Galaxies 

A r p  (10, 11 ) proposed t h a t  G O ' S  (and other  radio sources) are e jec ted  

from a' c lass  of pecul ia r  galaxies. 

with blueshif ted spectra  have been seen. 

The main problem here is tha t  no Q,SO's 

It has been shown t h a t ,  f o r  l o c a l  
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objects  moving a t  r e l a t i v i s t i c  speeds, the  observer should see a number of 

blueshifted objects  t h a t  is  ( l + z )  times the  number of redshif ted ones, where 

z is the numerical value of the posi t ive or negative s h i f t .  For a de ta i l ed  

discussion of the d i s t r ibu t ion  among randomly moving objects  one may tu rn  t o  

( 5 0  ), which gives a swnmary of work by a nuniber of authors (216,83,153,235 

Select ion e f f e c t s  which might modif'y t h i s  result by discriminating 

4 

). 

against  the  detect ion of QSO's with b luesh i f t s  have been considered ( 5 5  ), 

e.g. t he  r e l a t i v e  weakness of emission l i n e s  i n  the  infrared which could be 

blueshif ted i n t o  the  v i s i b l e  region, and the  r i s i n g  in t ens i ty  of the  continuous 

spectmm i n  the  infrared,  but the  f ac to r  ( l + z )  

l i k e l y  t h a t  some blueshir?ts with z < 0.5 should have been seen i f  they 

occurred i n  natw-e. 

4 is a large one and it seems 

Pa r t ly  t o  avoid t h i s  d i f f i cu l ty ,  A r p  suggested t h a t  the redshi f t s  are 

not of Doppler or ig in ,  but  no new physical  p o s s i b i l i t y  has been proposed. 

Concluding Remarks 

It is c l e a r  t h a t  there  are d i f f i c u l t i e s  with a l l  th ree  hypotheses, and 

the  problem reduces t o  t h a t  of producing a complete model which w i l l  satis-  

f a c t o r i l y  account for a l l  the  observations. For the  cosmological hypothesis, 

Imiiy- liialtaticns SI? pnssi-hle models are s e t  by the  observed v a r i a b i l i t y ;  f o r  

t he  l o c a l  hypothesis, a mechanism f o r  e j ec t ing  coherent blobs and providing 

a la rge  energy source is needed; for the  more extended l o c a l  hypothesis, a 

new physical  cause of redshi f t s  i s  needed. 

QUASI-STELLAR OBJECTS AS PROBES OF THE LNTERGALEICTIC MEDIUM 

Mg I1 absorption. - Shklovsliy (206) pointed out t h a t  i n t e rga lac t i c  Mg+ 

should produce absorption due t o  the resonance doublet of Mg I1 a t  ~ 2 7 9 8  t o  

the  blue oI" the  pos i t ion  of t h i s  emission l i n e  i n  QSO's.  Since no absorption 

i s  detectable ,  he concluded tha t  the densi ty  of Mg 
+ 

< 8 x and an 
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upper l i m i t  n = 2 x lom7 

Lyman-a, absorption. - Immediately following the  discovery t h a t  3C 9 has 

Ly-a s h i f t e d  t o  a wavelength of 3666;, Scheuer (190) pointed out t h a t  i f  the  

spectrum showed a continuum below t h i s  e i t h e r  the mean densi ty  of neut ra l  

is  s e t  t o  the in t e rga lac t i c  hydrogen density.  

atomic hydrogen is  exceedingly l o w ,  o r  e l s e  the ionizat ion is near ly  complete. 

He a l s o  d id  not exclude the  th i rd  poss ib i l i t y ,  t h a t  the  object  is compara- 

t i v e l y  nearby, i n  which case no appreciable absorption is  t o  be expected. 

A more de t a i l ed  invest igat ion using the  observational material of Schmidt's 

on 3C 9 was made by Gunn & Peterson (99 ). They estimated a depression of 

40% i n  t he  continuum, giving a number densi ty  of neu t r a l  atomic hydrogen of 

n = 6 x 

first  spec t ra  of 3C 9 were obtained a considerable number of G O ' S  with Ly-a 

i n  the photographic region have been observed and scanner observations of 

3 emm3, o r  a density p = 1 x gm/cm . However, s ince the 

3C 9 have been made by Oke & Wampler. 

t he re  is l i t t l e  evidence f o r  any s ign i f i can t  depression t o  the  blue of Ly-a. 

The observers a re  now agreed t h a t  

Thus the  upper l i m i t  t o  t he  densi ty  is somewhat lower than the  value above. 
(15 

A s  a l ready described, absorption l i n e s  seen in  PKS 1116+12/1& be in t e r -  

ga l ac t i c ,  produced by gas i n  a cloud or c l u s t e r  of galaxies i n  the  path 

l ccg th  trzTIersed. by the  l i g h t .  

Sciama & Rees (200) attempted t o  in t e rp re t  some fea tures  i n  the  spec t ra l  
0 

region of 3C 9 below 33OOA as being due t o  Ly-cu absorption and an absorption 

l i n e  of N V with a redshift  z = 1.62, caused by a hot i n t e rga lac t i c  cloud. 

These iden t i f i ca t ions  were  made, however, from a reproduction of the spec t r a l  

i n t ens i ty  i n  t h i s  region ( 86) without taking i n t o  account noise in  the obser- 

vat ions near the  atmospheric cut-off. 

21-em absorption. - Kohler & Robinson (128) reported the  detect ion of 

21-em absorption in  3C 273 a t  a wavelength corresponding t o  z = 0.0037. This 

i s  almost exac t ly  the  mean red s h i f t  of the galaxies  in the  Virgo c l u s t e r  and 
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thus they concluded t h a t  t h i s  absorption is caused by a neut ra l  hydrogen 

cloud associated with the Virgo c lus te r ,  10 Mpc d i s t an t .  However, t he  

observation is marginal, and s o  far it has not been conf i rmd by o ther  rad io  

as t ronoqy groups. 

Molecular H. - Bahcall & Salpeter  (16 ) pointed out t h a t  l i m i t s  on 

in t e rga lac t i c  H may be set by considering the  absorption produced i n  the  

Qman band shortward of 1108~. 

t es t  has been a t t e a t e d  using 3C 9 by Fie ld  e t  al .  (86 ), who detected no 

absorption. 

2 

Again objects  with z 2 2 are required. This 

This l e d  t o  an in t e rga lac t i c  densi ty  of H -= - W/cm 3 . 
2 

Thomson sca t t e r ing .  - Bahcall & Salpe ter  (16 ) discussed s c a t t e r i n g  by 

e lec t rons  i n  an ionized in t e rga lac t i c  medium, and derived formulae that depend 

on the  cosmological model. For z - 2 the  e f f e c t  i s  not ye t  important, but  

for la rge  z it w i l l  be of s ignif icance.  

Thus a l l  the  observations made so  far show no good f i r m  evidence f o r  

any in t e rga lac t i c  absorption o r  sca t t e r ing .  Most inves t iga tors  have used 

this  result t o  set very low limits t o  the  dens i ty  of neut ra l  gas, and have 

then concluded t h a t  t h e  bulk of t h e  mass energy i n  t h e  universe (assumed by 

most t o  be near gm is present  i n  the  form of ionized gas, mainly 

hydrogen. 

r a t h e r  than cosmological. 

be i n  the form of stars, uniformly d i s t r ibu ted ,  o r  condensed i n t o  small 

c lus t e r s  o r  low luminosity galaxies,  o r  i n  the form of s o l i d  matter, o r  evep 

i n  the  form of neutrinos.  

An SI terna t ive  in te rpre ta t ion  would be that the  QSO's are l o c a l  

Or t h i rd ly ,  most of  t he  in t e rga lac t i c  matter might 

THEORIES FOR THE ENERGY mQUIREMENTS OF THE QUASI-SlZLLIIR OBJECTS 

From the  radio spec t ra  of the QSO's, t he  synchrotron mchanism is most 

l i k e l y  responsible f o r  t he  emission, as is t h e  case f o r  the radio galaxies .  

If the  QSO's are a t  cosmological dis tances  then the  minimum t o t a l  energies  
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which are required t o  give rise t o  the  radio emission are of the  same order 

of magnitude as those f o r  the  radio galaxies ,  i .e.  - lo6' e rgs  ( 49). 

t o t a l  energy released may be above t h i s  minimum value, i n  the  range 10 

The 

- 
ergs,  l a rge ly  i n  the  form of r e l a t i v i s t i c  p a r t i c l e s .  In the  case of 

62 

the  radio sources of very small s i z e  associated with Q;jO's, the  minimum t o t a l  

energy required can be much smaller s ince,  f o r  a given synchrotron f l u ,  t h i s  

t o t a l  energy is  proport ional  t o  R -6/7 where R i s  the  dinension of the  system, 

so t h a t  it might be as low as 10 

i n  t h i s  case t o  suggest t h a t  t h i s  minimum t o t a l  energy condition cannot be 

f u l f i l l e d ,  and t h a t  the  t o t a l  energy, l a rge ly  i n  the  form of p a r t i c l e s ,  must 

be rv lo6' - 10 ergs confined i n  a dimension of a few parsecs o r  less. All 

of these arguments are based on the assumption t h a t  the  magnetic f i e l d  is  

f a i r l y  homogeneous. 

58 ergs .  However, there  a re  o the r  arguments 

61 

If one considers a non-homogeneous model (107) somewhat 

lower t o t a l  energies  may be feas ib le .  

If the  QSOIs a r e  comparatively nearby then the  minimum t o t a l  energy i n  

the  r e l a t i v i s t i c  p a r t i c l e s  and magnetic f i e l d s  i n  a given objec t  is much re- 

duced - t o  perhaps lo5* - 
very  la rge  amount of k i n e t i c  energy must then be contained i n  the  r e l a t i v i s -  

t i c a l l y  moving G O .  

t o t a l  energy M 10 

explosion. Thus i n  any case very la rge  energy re leases  a r e  required. 

ergs i n  an individual  source. However, a 

4 For a mass N 10 M. and v = 0.6 c, f o r  example, the  
c! 

58 ergs,  and a number of G O ' S  must be e j ec t ed  i n  a g a l a c t i c  

A s  f o r  o ther  wavelength regions, 3C 273 a t  the  cosmological dis tance 

e m i t s  N 2 x erg/sec, mostly i n  the  range 10" - cps. A t  a t t local t '  

d is tance of - 10 Mpc, a f lux  l e s s  by a f a c t o r  of 10 - 10 is needed. If 

the  QSO's a re  emit t ing op t i ca l ,  infrared,  and mil l imeter  r ad ia t ion  by the  

synchrotron process, then i n  the most extreme s i t u a t i o n  in  which the  magnetic 

f i e l d s  a r e  as large as 100 gauss (206), the  t o t a l  energy present  i n  the  

4 6 
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52 5 electrons must be about 2 x 10 

seconds. Thus, i f  the objects l a s t  for about 10 years, the t o t a l  energy 

release i s  about 10 ergs .  If the inverse Compton process i s  operating 

(and it is not c l e a r  whether such a model can be devised), two coriponents 

are required: an intense source of low frequency photons and a supply of 

high energy electrons.  

many octaves i n  frequency, most of the energy m u s t  res ide i n  the electrons.  

If, f o r  example, a "machine" generating photons with frequencies as low as 

10 cps were operating it would require e lectrons with energies of 10 Gev 

t o  lift the photons by the inverse Conpton process t o  v N 10l2 cps. 

r e a l l y  not possible t o  estimate how the energy is divided, but the t o t a l  

energy release m u s t  a t  least 

may be about 10 years, s o  again the t o t a l  w i l l  be about 10 ergs.  

ergs, and th i s  m u s t  be renewed every 10 

6 

61 

Since i n  such a model the photons must be ra i sed  

4 

It is  

lo4' t where t, the l i fe t ime of t h e  source, 

6 61 

The various theor ies  proposed t o  account f o r  the  energy emitted i n  the  

Since then, a number radio sources have been swmnarized e a r l i e r  (52, 49 ). 

of  new invest igat ions and suggestions have been put forward, which w i l l  be 

summarized here. The majority of the theories  attempt t o  account f o r  the 

Q,SO's as objects a t  cosmological distances,  but some are compatible with the 

idee that they are ob,jects thrown out of galaxies.  Some attempt is  made t o  

explain the propert ies  of the radio galaxies as w e l l .  In very few, i f  any, 

of  the  theor ies  is the  physical mechanism which leads t o  the release of 

energy la rge ly  in  the form of r e l a t i v i s t i c  matter described s a t i s f a c t o r i l y .  

If  the  ($30'~ are coherent objects e jected from radio galaxies, or indeed 

objects  e jec ted  i n  g a l a c t i c  explosions i n  general, the underlying mechanism 

i s  obscure. 

A fundamental assumption made i n  near ly  a l l  of the hypotheses s o  far put 

forward is  t h a t  matter i s  present i n  a highly condensed form. We consider 
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first  the  theor ies  based on the idea t h a t  dense g a l a c t i c  nuc le i  are present .  

Supernova Theories 

For severa l  years the group a t  Livermore, under the  d i r ec t ion  of Colgate, 

have been considering the  hydrodynamics of the  f i n a l  s tages  of evolution of 

a supernova, with t h e i r  s t a r t i n g  point  the f i n a l  s tages  of nuclear evolution 

discussed by others  ( c f .  90 ). They s tar t  with a hot evolved star of mass 

10 M which is dense enough t o  be unstable against  g rav i t a t iona l  collapse,  

and follow it as it fal ls  inward (70 ). 

and nuclear react ions take place. The core falls  i n  rap id ly  and the  outer  

p a r t  more slowly. The energy released i n  the  collapse is  emitted l a rge ly  i n  

the  form of neutrinos.  These escape i f ,  and u n t i l ,  t he  outer  p a r t s  of the  

star have collapsed t o  a high enough densi ty  s o  t h a t  a s ign i f i can t  opaci ty  

t o  the  neutrino f lux  is produced. A t  t h i s  point  t he  neutrinos exer t  s u f f i c i e n t  

force t o  h a l t  the collapse of the outer  p a r t  o f  t h e  star, which is  e jec ted .  

A t  the  same time the  inner pa r t s  of  t he  s t a i  continue t o  collapse and can 

form a s t ab le  neutron configuration, i f  the i n f a l l i n g  mass is less than the 

c r i t i c a l  mass fo r  a neutron star. With the  approximations chosen and using 

Newtonian g rav i t a t iona l  theory, Colgate & White (70 ) concluded t h a t  about 

0 

A shock is formed, heating results, 

52 of the  t o t a l  mass energy could be ejected,  i.e., about '10 ergs  from a 

10 Mo star, while about 2 x lo5' ergs  was e j ec t ed  i n  t h e  form of r e l a t i v i s -  

t i c  p a r t i c l e s .  This is  more than 100 times the  energy f o r  which w e  have 

d i r e c t  evidence of  release i n  a supernova. If cor rec t ,  t h i s  much l a r g e r  

energy release makes the  supernova hypothesis f o r  s t rong rad io  sources and 

QSO's more a t t r a c t i v e  again. 

g rav i t a t iona l  i n  or ig in .  

It should be rernembered t h a t  t h e  energy is  

Colgate & Cameron (69 ) (see a l s o  (56 ) )  first  appl ied the  argument t o  

attempt t o  account f o r  t h e  l i g h t  va r i a t ions  i n  QSO's. They suggested t h a t  



the very la rge  luminosit ies were produced by the  e jec ted  gas heat ing su r -  

rounding i n t e r s t e l l a r  gas. A more ambitious attempt t o  explain the  flu 

radiated by a cosmologically d i s t an t  &SO ( 3 C  273 being taken as the prototype) 

ims recent ly  made by Colgate (68 ), s t a r t i n g  with an assumed s tar  densi ty  of 

N 10 10 /pc 3 . Massive stars (50 Mo) will be formed by i n e l a s t i c  co l l i s ions  

between the  o r i g i n a l  stars. These evolve t o  the  supernova s tage i n  times 

N 10 The 

k i n e t i c  energy e jec ted  from the supernovae then hea ts  the  gas remaining from 

previous explosions, and it is t h i s  exci ted gas which gives rise t o  the  high 

luminosity with a var iab le  component. The radio emission is supposed t o  

arise from the  mater ia l  a t  very high k i n e t i c  energy (0.1 c / gm) .  This passes 

through the  bulk of the  gas cloud with l i t t l e  energy loss  but  a t  the  boundary 

of the  dense cloud a counter-streaming plasma o s c i l l a t i o n  i n s t a b i l i t y  occurs 

i n  which ions and e lec t rons  share k i n e t i c  energy. 

then supposed t o  a r i s e  from e l e c t r o s t a t i c  bremsstrahlung and t h i s  is sca t t e red  

from coherent plasma osc i l l a t ions  giving t h e  s p e c t r a l  cha rac t e r i s t i c s  of 

3C 2 7 3 .  It is claimed t h a t  t h i s  model avoids the  d i f f i c u l t i e s  associated 

with synchrotron emission models. 

e j ec t ed  horn si- ipmmae a t  r e 1 ~ t i ~ L i s t . i c  speeds is then invoked t o  give r i s e  

t o  the  radio source 3C 2 7 3 ,  and such components w i l l  a l s o  be required f o r  

any QSO's which have extended radio sources. Although many of the  d e t a i l s  

of t h i s  model a r e  not e a s i l y  understood, the  whole concept is highly in- 

genious. 

e red  f o r  the  s t rong radio galaxies. 

6 years and supernova explosions occur a t  a ra te  - 3 p e r  year. 

2 

The radio emission is 

A s t i l l  higher-energy component of gas 

The underlying model involving many supernovae may a l s o  be consid- 

Aizu e t  a l .  ( 3 ) considered a possible  mechanism of explosion in  a 

g a l a c t i c  nucleus which contains a high densi ty  of stars together  with gas. 

They supposed t h a t  the  gas may speed up the  evolution of  the stars, and 
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induce col lect ive explosions o f  stars. 

but have not worked out the conseymnces i n  d e t a i l .  

They cal l .  th is  a "pile theory" 

S t e l l a r  Collisions 

Given a very high star density i n  a ga l ac t i c  center, the s t a r s  i n t e r -  

a c t  more and more rapidly, through i n e l a s t i c  co l l i s ions .  The ve loc i ty  dis- 

persion of the stars gets  l a rge r  as the c lus t e r  shrinks,  the violence of 

the star co l l i s ions  increases, -and a t  high enough energy the s t a r s  w i l l  com- 

p l e t e ly  disrupt .  Throughout th i s 'p rocess  some stars w i l l  be e jec ted  from 

the c lus t e r  a t  higher and higher ve loc i t ies .  

sidered in some detail recent ly  by Spi tzer  & Saslaw (212), following earlier 

work s m r i z e d  elsewhere. Very high star dens i t ies  N 1011 stars /pc may be 

required in such a model. If the co l l i s ion  v e l o c i t i e s  are 10 km/sec, t he  

k ine t i c  energy avai lable  is  some lo5' erg/Mo. This c l a s s  of model, however, 

suggests that the v io len t  phase in which most of the energy is released (the 

&SO phase) w i l l  be very short ,  about lo9 - lo1' seconds. 

These s tages  have been con- 

3 

4 

In such v io l en t  star col l i s ions  the major part of the k ine t i c  energy 

w i l l  be dissipated by rad ia t ion  processes and sone mass w i l l  be e jec ted  

f'rom the c lus te r .  However, most of the  matter wi l l  fa l l  back together and 

give rise t o  a massive cloud, with a small net  angular momentum. This is not 

perhaps the  only way i n  which a very condensed object  can be produced. How- 

ever, it is the final evolutionary phase of a dense ga l ac t i c  nucleus of 

stars. How long it takes t o  evolve t o  t h i s  state depends on the  i n i t i a l  

density ass-d. 

galaxies, the  t o t a l  t im?  imrolved may be much longer than t he  Hubble t-. 

If this is low, coqparable to the  dens i t i e s  seen i n  nearby 

Massive Super-stars 

The previous discussion leads naturally t o  the  invest igat ions of Hoyle & 

Fowler (111,112 (see also (ll3), who first considexed the problem of the re- 
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l ease  of g rav i t a t iona l  energy i n  the collapse of a super-star.  

idea of Hoyle & Fowler is well known; it is  tha t  i n  the g rav i t a t iona l  

The bas ic  

collapse of a massive object  a small but  s i g n i f i c a n t  f r ac t ion  of the rest 

mass energy may be released. Close t o  the  Schwarzschild radius it is very 

d i f f i c u l t  f o r  energy t o  be emitted i n  a spher ica l ly  symmtr ica l  collapse,  

unless it i s  supposed t h a t  the theory of general  r e l a t i v i t y  is modified 

i n  t h i s  extreme condition. The ro le  of ro t a t ion  i n  the  r e l a t i v i s t i c  regime 

is unclear, though it has been suggested (226) that expulsion of matter can 

occur i n  extreme configurations.  

Modification of the theory of r e l a t i v i t y  has been attempted by Hoyle & 

Narlikar (114) who introduced a f i e l d  of negative energy which they had con- 

s idered i n  their  cosmological invest igat ions.  This h a l t s  g rav i t a t iona l  

collapse,  and the object  might carry out r a d i a l  oscdl la t ions  which would 

take it f o r  some p a r t  of the  time outs ide the  Schwarzschild radius and i n  

this  phase energy could be emitted. 

In grav i t a t iona l  collapse of  a massive object  it is mot clear in  what 

form the energy w i l l  be emi t ted .  The most e f f i c i e n t  process would be i f  it 

was i n  the form of high energy p a r t i c l e s ,  s ince many arguments suggest tha t  

processes converting energy from any o ther  form t o  high energy p a r t i c l e s  

are i n e f f i c i e n t  , 

If the  Q,SO's a re  l o c a l  objects e j ec t ed  from galaxies ,  then the energy 

These would be must be emitted i n  coherent lwqps with high densi ty  cores. 

most l ike ly  t o  be produced i n  a process of fragmentation, perhaps due t o  

ro t a t ion  i n  the f i n a l  collapse phases. 

m n t  of such ideas w i l l  be required, i f  the  l o c a l  hypothesis f o r  G O ' S  is t o  

Obviously a proper t h e o r e t i c a l  treat- 

be pursued. 

While the  g r a v i t a t i o n a l  collapse theory f o r  the  large energy o f  radio 

sources =mains a popular one despi te  the d i f f i c u l t i e s ,  Fowler (88,89 ), 
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following h i s  e a r l i e r  work, has a lso attempted t o  account for the o p t i c a l  

propert ies  of the G O ' S  by considering the e a r l y  collapse phases of a massive 

object, i n  which normal hydrogen burning gives a luminosity of 2 x 

f o r  a mass of 10 

energy avai lable  i n  a massive s t a r  would enable it t o  radiate  f o r  - 10 

but the general  r e l a t i v i s t i c  i n s t a b i l i t y  of a non-rotating star means t h a t  

it cannot be s tab le  f o r  t h i s  long but must undergo f r e e - f a l l  collapse ( 89,57, 

58, 59 

ro ta t ion  is  able  t o  s t a b i l i z e  the massive s t a r  against  g rav i ta t iona l  col- 

lapse f o r  a l imited period, and t h a t  turbulent  o r  magnetic forces w i l l  a l s o  

be able t o  s t a b i l i z e  the  s tar  as long as it contains nuclear energy sources. 

Thus a massive star may be able t o  e x i s t  for 10 years i n  i t s  thermo- 

erg/sec 

8 
Ma. Fowler had estimated t h a t  the t o t a l  thermonuclear 

6 years, 

). However, it has now been shown (89, 173) t h a t  a small amount of 

6 

nuclear burning phase, provided t h a t  i t s  mass does not exceed 10 8 - 10 9 Ma. 

It should be remembered t h a t  f o r  any QSO's i n  which very extended radio 

sources are seen, a t  least two massive objects  are required. One must have 

formed, evolved t o  the grav i ta t iona l  collapse s tage and emitted enough high 

energy p a r t i c l e s  t o  give rise t o  the extended source, while a second must 

cur ren t ly  be passing through i t s  thermonuclear phase t o  produce the  quasi- 

s te l la r  component. To explain the strong radio galaxies by t h i s  mechanism 

t h e  massive object m u s t  have evolved and collapsed t o  give rise t o  the ex- 

tended radio source. 

The Role of Magnetic Fields i n  Massive Objects 

L i t t l e  a t t e n t i o n  has been paid u n t i l  recent ly  t o  the problem of the 

magnetic f i e l d s  which are an in tegra l  p a r t  of the  phenomenon t o  be explained. 

It has commonly been assumd t h a t  the conditions which give minimum t o t a l  

energy requirements for synchrotron emission hold, i . e .  homogeneous uniform 

f i e l d s  of loW4 - lom5 gauss. However, (see discussion by Woltjer k31)) it 
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I. 
is d i f f i c u l t  f o r  magnetic f i e l d s  as strong as t h i s  t o  have been e i t h e r  

e jec ted  i n  the  r e l a t i v i s t i c  p l a s m  cloud i n  the c e n t r a l  explosion, o r  ampli- 

f i e d  from a much weaker in t e rga lac t i c  f i e l d  by the  explosion. If the  f i e l d s  

are smaller,  then the t o t a l  energy requirement of the source is  grea te r  than 

t h e  minimum t o t a l  energy, and most of the energy is  i n  the r e l a t i v i s t i c  

p a r t  i c l e s  . 
In  the highly condensed & S O ' S  there  a re  s t rong arguments f o r  bel ieving 

t h a t  a non-homogeneous magnetic f i e l d  is  present,  and a l so  there  is  no reason 

t o  bel ieve t h a t  the  equipar t i t ion  condition is  f u l f i l l e d .  In order t o  avoid 

many d i f f i c u l t i e s ,  p a r t i c u l a r l y  i f  the  QSO's are a t  cosmological dis tances ,  

it may be necessary t o  invoke very s t rong magnetic f i e l d s  2 100 gauss i n  some 

reg ions. 

I f  the r e l a t i v i s t i c  p a r t i c l e s  gain energy by a conventional acce lera t ion  

mechanism, the magnetic f i e l d  w i l l  p lay  an important ro l e  i n  energy t r ans fe r ,  

and i t s  configuration is one of the main fac tors  determining the synchrotron 

rad ia t ing  proper t ies  of the  source. 

164, 219, 220 ) have explored some p o s s i b i l i t i e s  following the hypothesis 

A number of authors (92, 91, 161, 122, 163, 

that g rav i t a t iona l  energy released i n  the  condensation and collapse of a 

massive object  is  converted t o  magnetic energy and through it t o  the re la t i -  

v i s t i c  p a r t i c l e s .  

Both Piddington & Sturrock discussed qua l i t a t ive ly  the  condensation of  

a mass of ga l ac t i c  s i z e  out of the in t e rga lac t i c  medium. Piddington (163) 

considered the  condensation of  galaxies  from gas clouds with frozen-in 

magnetic f i e l d s  and argued t h a t  when the ro t a t iona l  (G)  and magnetic f i e l d  

(B) vectors  are orthogonal, radio galaxies result. 
4 

Sta r s  form while the  un- 

condensed gas continues t o  shrink, giving r i s e  t o  a condensed mass, while i f  

s ta r  formation is inh ib i ted  by some process the whole ga l ac t i c  mass w i l l  

sh r ink  t o  "nuclear" dimensions and a ~$50 w i l l  r e s u l t .  
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Stur rock ' s  argument (220) i s  based on a model of h i s  and Coppi's f o r  

s o l a r  f l a r e s  which must be scaled up by an enormous f ac to r .  A galaxoid o r  

protogalaxy, a compact e l l i p t i c a l  galaxy, a ga l ac t i c  nucleus, o r  a QSO, is 

condensed from the in t e rga lac t i c  gas so t h a t  it maintains a connection with 

the  i n t e r g a l a c t i c  magnetic f i e l d  and accre tes  matter from it .  The in t e r -  

ga l ac t i c  material is supposed t o  be f u l l y  ionized and the  magnetic f i e l d  

has an hour-glass configuration through the object; accreted matter w i l l  be 

"funnelled" i n t o  the  condensed object. 

b r i e f l y  mentioned. 

The angular momentum problem is 

The s i t u a t i o n  is reached in  which the  galaxoid o r  $0 is  highly con- 

densed and contains magnetic energy t h a t  supports it against  g rav i t a t iona l  

collapse,  which condition implies t h a t  P x M where @ i s  the  flux i n  

gauss cm2 and M is the mass i n  grams of the  condensed object .  

values of 

are inser ted,  masses of  the  order discussed by Hoyle & Fowler i n  the gravi-  

t a t i o n a l  collapse hypothesis are obtained. However, one m u s t  remember that 

i n  the  ca lcu la t ions  of Maltby e t  a l .  the  equ ipa r t i t i on  condition giving the  

I f  now the  

f o r  the extended radio sources calculated by Maltby e t  a l .  (139) 

minimum t o t a l  energy i n  p a r t i c l e s  p lus  magnetic f i e l d  was assumed, and the re  

is  no physical bas i s  f o r  t h i s  r e su l t  as we have s t r e s sed  ear l ier ,  and then 

Hoyle & Fowler chose masses i n  the range such t h a t  the  release of rest m a s s  

energy would provide energy equal t o  the  minimum equ ipa r t i t i on  values. 

it is not surpr is ing t h a t  Sturrock recovered the  i n i t i a l  condition of Hoyle & 

Fowler . 

Thus 

Sturrock then argues t h a t  energy release from the  QSO w i l l  be the t ea r ing  

mode i n s t a b i l i t y  i n  the  region o f  t he  sheet pinch which, i n  h i s  assumed mag- 

n e t i c  f i e l d  configuration, is perpendicular t o  the ax i s  of the  hour g lass .  

This i n s t a b i l i t y  w i l l  give r i s e  t o  e j e c t i o n  of  a pocket of magnetic f i e l d  and 

high-energy p a r t i c l e s  which comprise t,he je t s  seen i n  @O's  and radio galaxies .  
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Such a j e t  w i l l  eventual ly  divide i n t o  two clouds which w i l l  be the  double 

radio source. The main i n t e r e s t  i n  t h i s  model l i es  i n  the plasma i n s t a b i l i t y  

mechanism. Given the condensed object together  w i t h  the necessary magnetic 

f i e l d  configuration the model is  a t t r a c t i v e .  

Piddington ( 163,164) paid more a t t e n t i o n  t o  the  problems of  ro t a t ion  

i n  a contract ing cloud. When w and B' are orthogonal ro t a t iona l  energy is  

converted t o  magnetic energy s o  t h a t  a continuing and steady collapse can 

occur. The object  eventual ly  reaches a spher ica l  s t a t e  followed by explosions 

along the  k w  ax i s .  The pa r t i c l e s  are accelerated i n  a neut ra l  sheet  a t  the  

expense of magnetic energy i n  a process bearing some resemblance t o  t h a t  of 

Sturrock. Piddington has argued t h a t  t he  hour-glass magnetic f i e l d  model is 

one t h a t  gives r i s e  t o  a normal s p i r a l  galaxy (z p a r a l l e l  t o  B) and thus 

reaches qui te  a d i f f e ren t  conclusion from Sturrock i n  t h i s  respect .  The 

difference l ies  i n  Sturrock 's  neglect of the e f f e c t  o f  ro t a t ion  i n  h i s  model. 

While f l a r e  models of t h i s  type are a t t r a c t i v e  and promising, they re- 

+ 

4 

quire  i n i t i a l  conditions t h a t  cannot be deduced from observation nor unam- 

biguously derived by theo re t i ca l  argument. 

Ginzburg & Ozernoy ( 9 2 )  s t a r t e d  from the  idea t h a t  QSO's and s t rong 

rad io  galaxies  ge t  t h e i r  energy from the  g rav i t a t iona l  collapse of a massive 

super-s tar .  A very la rge  spher ica l ly  symmetric mass condenses i n t o  a small 

volume; they consider the  e f f e c t  o f  further col lapse on the  magnetic dipole  

moment which is  trapped within the object .  The magnetic energy is assumed 

t o  be small compared with the g rav i t a t iona l  energy of the i n i t i a l  star. A s  

t he  star col lapses ,  the magnetic f i e l d  grows, reaching enormous values  i n  the 

s ta r ' s  i n t e r i o r .  In  the lower densi ty  atmosphere surrounding the star,  con- 

d i t i o n s  may develop so that a current-carrying s h e l l  may become detached. 

Thus the  col lapsing magnetic s t a r  may develop very powerful "radiat ion belts" 
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within a magnetosphere, and it is  argued t h a t  it is  these regions which 

give r i s e  t o  the flux of op t i ca l  and radio emission in  quas i - s t e l l a r  objects .  

Ozernoy (161) developed a model of a "magnetoid" - a quasi-s ta t ionary con- 

f igura t ion  i n  s t ab le  ro ta t ion  along the l i nes  of force of a to ro ida l  magnetic 

f i e ld ;  such a model can explain some of  the var iab le  features  of  QSO's, 

par t i cu la r ly  i f  they are quasi-periodic. While Ginzburg & Ozernoy stress 

t h a t  the  development and s t ruc ture  of t h i s  model involve many unsolved complex 

problems, the  model has some a t t r a c t i v e  features .  It may be able  t o  account 

f o r  the  very s t rong magnetic f i e lds  t h a t  a re  required t o  avoid some of the 

d i f f i c u l t i e s  discussed e a r l i e r .  It is not c lear ,  however, how most of the  

g rav i t a t iona l  energy i s  t o  be transformed t o  the high energy p a r t i c l e s  which 

rad ia te  i n  t h i s  f i e ld .  

The classes  of theory outlined above involve e i t h e r  the evolution and 

shrinkage t o  high dens i t i e s  of a ga l ac t i c  nucleus of stars, or the  formation 

of a dense gas cloud by condensation i n  the in t e rga lac t i c  medium, an idea 

first proposed by Field ( 84) who suggested t h a t  G O ' S  were galaxies i n  the  

process of formation. But the formation of  a dense object  is  not well under- 

stood. McCrea (143) suggested tha t  the problem of  the  formation of conden- 

s ~ t i n n s  m-y he man-made and t h a t  there  is  no evidence t h a t  nature poses such 

problems. The dense phase might be e i t h e r  a remnant of t he  very e a r l y  

evolut ion of the  universe i n  which a l l  the mass energy was contained i n  a 

very small volume, or else it might be supposed t h a t  matter is continuously 

created i n  conditions of high density. These ideas t i e  t he  QSO's and the  

rad io  galaxies d i r e c t l y  t o  cosmological theories .  

cr ibed next. 

Various models are des- 

Theories Using the Concept tha t  Massive Objects Have a Cosmological Origin 

Proposals along t h i s  l i n e  were made by McCrea (143), Hoyle & Narlikar (115),  

Stothers  b;5 ), Novikov (154), and Ne'eman (1-51). 
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McCrea considered a modification of the steady s t a t e  theory i n  which 

matter i s  created only i n  the presence of already ex is t ing  matter. Thus a l l  

matter i s  contained i n  galaxies,  and continuous creat ion simply increases 

the ga l ac t i c  mass. Occasionally a galaxy may e j e c t  a fragment, which is then 

the embryo out of which a new galaxy i s  grown. Such embryos are closely re- 

l a t e d  t o  the quas i - s t e l l a r  objects,  and the  phenomena of outburst  and e jec t ion  

from galaxies t o  produce radio sources a re  t o  be associated with the  creat ion 

and e j ec t ion  process. Such a model could explain the ch$O's i f  they have a 

l o c a l  or ig in .  

A r a the r  similar proposal has been made by Hoyle & Narlikar.  They show 

t h a t  the growth i n  "pockets" of creat ion is  l i k e l y  t o  be an unstable process, 

s ince the  growth of a mass of i n f i n i t y  takes only twice the  t i m e  f o r  the  mass 

t o  double i t s e l f .  Such a runaway process w i l l  be prevented by a fragmentation 

of t he  growing mass, and each fragment w i l l  serve as an individual pocket of 

creat ion - the  embryo i n  McCrea's formulation. 

Stothers ,  on the o ther  hand, argued t h a t  matter is created between 

c l u s t e r s  of galaxies j u s t  because matter i s  lacking here, and the Q,SO's (which 

may not occur i n  c l u s t e r s )  are  the manifestation of t h i s  creat ion.  

f o r  a v a r i e t y  of reasons the McCrea-Hoyle-Narlikar hypothesis i s  more a t t r a c -  

t ive . 

However, 

I f  the universe i s  evolutionary, then the superdense objects  could be 

inhomogeneities remaining in  the general  expansion of the  universe, and again 

the  problem of forming condensations out of a d i f fuse  in t e rga lac t i c  background 

is by-passed. Ne'eman proposed t h a t  the  QSO's, which he supposed are cosmo- 

l o g i c a l  objects ,  are i n  an expanding s t a t e  which have l a i n  near t he  s ingular  

s t a t e  f o r  some lo1' years.  

behaving as a miniature expanding universe. Extremely large energies must 

have accLunulated from strong interact ions i n  the superdense state with no out- 

Thus i n  i t s  own coordinate system the  object is 
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l e t  fo r  the  decay of various mesons. Having a t t a ined  a lower densi ty  i n  

the slow expansion these mesons and hence high energy p a r t i c l e s  may be re- 

lease d. 

The argument of Novikov is  rather  similar t o  t h i s  though he suggested 

t h a t  energy is  released when she l l s  of matter moving outward in  the expansion 

co l l ide  with s h e l l s  which have been e jec ted  e a r l i e r ,  or with matter f a l l i n g  

onto the object from outside (154). 

In t h i s  whole c l a s s  of theory conventional accelerat ion mechanisms f o r  

high energy p a r t i c l e s  a re  not invoked, and the  high energy p a r t i c l e s  a re  

d i r e c t l y  injected.  The ideas contained i n  these theor ies  were foreshadowed 

i n  the e a r l y  papers of Ambartsumian ( 7 ). 

A problem not covered i n  these theor ies  i s  associated with the  apparently 

normal composition of t he  gas cloud giving the  l i n e  rad ia t ion  i n  the  QSO's. 

It m u s t  be supposed e i t h e r  t h a t  extensive nucleosynthesis has gone on i n  the  

evolution of these objects  leading t o  normal composition - an unl ikely 

s i t u a t i o n  - or  else t h a t  t he  object has managed t o  accrete  mater ia l  with 

normal compos it ion. 

' 

Classes of theory involving fundamental p a r t i c l e s  w i l l  be out l ined next. 

1 L 1  l ~ r n 3 3 L V C  " IJJGLtS V l t h  =. pn-mn'nn:nQ' uwu,nvlv6rL.ul Qrigir? QaI.-&s as &ei'8y- 2.- n # - - - 2 - - -  n-k:-- 

If quarks e x i s t ,  they might form the major const i tuent  of the  universe 

i n  a s tage i n  which matter has not evolved. 

dominated e a r l y  i n  an evolving universe, while i n  a steady state universe 

matter might be continuously created i n  the  form of quarks. 

i n  an evolving universe has been discussed by Zeldovich e t  a l .  (236) and by 

Saslaw (189). 

out  i n  the  f i r s t  f e w  microseconds of the expansion, and Saslaw considered 

t h a t  cosmological information might be obtained by considering the  ro le  of the  

quarks i n  t h i s  very short  epoch. 

Thus bare quarks might have pre- 

The s i t u a t i o n  

The former discussed a s i t u a t i o n  i n  which the quarks burned 

R 
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If quarks are of importance i n  these cosmologically dense configurations 

and i f  massive objects  containing bare quarks are l e f t  behind i n  the  i n i t i a l  

expansion, o r  are present i n  newly created material, then as t h e  objects  

evolve they can give r i s e  t o  the  major const i tuents  of the radio sources and 

g$Ofs. 

is discussed fu r the r  i n  ( 50). 

The f irst  rnention of t h i s  p o s s i b i l i t y  was made by Pacini  (162); it 

Matter - Antimatter Annihilation 

This mechanism was suggested t e n  years ago f o r  radio galaxies (47, 53 ), 

but  dropped because of the d i f f i c u l t y  i n  understanding how matter and a n t i -  

matter could be created o r  evolve and remain separated, and then la ter  be 

brought i n t o  in te rac t ion  i n  i so la ted  events. 

Alf'vgn & Klein ( 5 ) proposed a model universe i n  which matter and an t i -  

mat ter  e n t e r  i n  a symmetric way. 

"ambiplasma" which contains both kinds of mat ter  and he showed t h a t  a mechanism 

of separat ion involving the  magnetic f i e l d  was possible .  

Alf'vgn ( 4 ) developed the  concept of an 

I f  one accepts t h i s  

type of cosmology then the  d i f f i c u l t i e s  just mentioned can be removed. How- 

ever, t h i s  type of cosmological model based on the  old theo re t i ca l  model of  

Charl ier  is probably not compatible with present  views. Se t t i ng  as ide  t h i s  

object ion f o r  t he  moment w e  consider t he  consequences o l  tne annin i ia t ion  pro- 

posa l  f'urther. 

spec t ra  of  some @O's and radio galaxies  using t h i s  idea. 

t h e  e lec t ron  pos i t ron  spectrum through the  decays of the  TT and 1.1 mesons pro- 

duced i n  p5 annihi la t ion,  calculated the  r e su l t i ng  synchrotron spectra ,  and 

compared these with observations of 3C 48, 3C 147, 3C 286, CTA 102, and t h e  

rad io  galaxies Cygnus A and 3C 295. The calculated spec t ra  are curved and 

show a tendency t o  f l a t t e n  a t  low frequencies,  

general ly  accepted reason f o r  t h i s  f l a t t en ing  is  t h a t  it is an approach t o  

Ekspong e t  al.  ( 80) attempted t o  account f o r  the  radio 

They calculated 

A s  discussed earlier the 
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synchrotron self-absorption in  sources containing very small components. 

An objection t o  t h i s  theory is t h a t  t o  give rad ia t ion  i n  the observed fre- 

quency range large magnetic f i e lds  are required, 

extended sources which include 3C 147, Cygnus A, and 3C 295, the  minimum 

t o t a l  energy condition gives magnetic f i e l d s  i n  the  range - gauss. 

If the magnetic f i e l d  is much l a rge r  than t h i s ,  as it has t o  be i n  t h i s  theory 

using very low energy electrons,  then there  is  a s t rong departure from the  

minimum t o t a l  energy condition. This i n  i t s e l f '  does not mean t h a t  it is not 

a p laus ib le  hypothesis, but  it does mean t h a t  the  t o t a l  energy i n  p a r t i c l e s  

and magnetic f i e l d  is many orders of  magnitude g rea t e r  than the  minimum, and 

most of it is i n  the  magnetic f i e ld .  

of  explaining the  o r ig in  of  an enormous amount of energy i n  the magnetic f i e ld  

which cannot arise from annihi la t ion.  This model is therefore  unsat isfactory.  

loo2 gauss. For the  

Thus one is l e f t  with the  d i f f i c u l t y  

Gravitational Focussing 

Barnothy (20,21,22) suggested t h a t  the  very high luminosit ies of the  

QSO's, assumed t o  be a t  cosmological dis tances ,  are due t o  amplif icat ion by 

g rav i t a t iona l  focussing by a large concentration of mass lying very close t o  

the  l i g h t  path between the  &SO and the  observer. The focussing objects  m u s t  

bv2 c?ark; athervise  their own radiat ion would swamp the  flux which is  t o  be 

focussed. Moreover, they m u s t  occur qui te  f requent ly  i n  space i n  order t h a t  

t h e  chance of t h i s  effect  occurring is  t o  be non-negligible. 

conditions are inherent ly  implausible. 

pos tu la te  the  existence of objects with the  spec t r a l  propert ies  of t h e  &SO'S, 

s ince  t h i s  e f f e c t  only increases the  apparent luminosit ies and does not 

change the  spectra.  

of very d i s t a n t  Seyfer t  galaxies.  However, while t he  l a t t e r  bear some 

s p e c t r a l  resemblance t o  the &SO'S, the  two classes of objects  are c l e a r l y  d i s -  

t inguishable.  

Both of  these 

I n  addi t ion  it is necessary s t i l l  t o  

Therefore Barnothy argued t h a t  the  QSO's a re  the nuc le i  

These are strong arguments aga ins t  the proposal. 
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C ONCLUS ION 

The t a s k  of writ ing a review on a subject changing as rapidly as 

t h i s  one is somewhat d i f f i c u l t ;  new observations are perhaps being made 

a t  t h i s  moment which w i l l  make the review already out of date, and likewise 
$ 

new t h e o r e t i c a l  ideas are perhaps being formulated a t  the same time. 

In the  observational sections,  I have devoted more space t o  the 

o p t i c a l  than the radio data, and t h i s  is merely a r e f l e c t i o n  of where my 

own work l ies.  

In conclusion, I would l i k e  t o  express my g r a t i t u d e  t o  the many 

colleagues who have sen t  preprints  ahead of publ icat  ion, and p a r t i c u l a r l y  

t o  Geoffrey Burbidge, who did much of the  assembling of data  and most of 

the  writ ing of the book ( S O )  from which t h i s  review is a condensed account. 
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and Mrs. De l  Crowne f o r  ordering the references and checking the manuscript. 

This work has been supported i n  p a r t  by t h e  National Science Foundation 

and i n  p a r t  by NASA through grant .  NsG357&, 
16 

- 70 - 



LITERATURF: C I T E D  

1. 

2. 

I 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

18. 

19. 

20. 

21. 

Adgie, R. L., Nature, 204, 1028 (1964) 

Adgie, R., Gent, H.,  Slee,  0. B. ,  Frost, A., Palmer, H. P., and 

Ronson, B. ,  Nature, 208, 275 (1965) 

Aizu, K.,  Fujimoto, Y., Hasegawa, H.,  Kawabata, K., and Taketani, M., 

Pr .  Th. Phys. Supp. No. 31, p. 35 (1964) 

A l f ’ v h ,  H.,  Rev. Mod. Phys., 37, 652 (1965) 

Alf’vkn, H. and Klein, O., Arkiv f .  Fysik, 23, 187 (1962) 

Allen, L. R., Anderson, B., Conway, R., Palmer, H. p., Reddish, v -  c - ,  
and Ronson, B., M.N.R.A.S., 124, 477 (1962) 

Ambartsumian, V. A , ,  Astron. J., 66, 536 (1961) 

Anderson, B.,  Donaldson, W . ,  Palmer, H. P., and Ronson, B., Nature, 205, 
375 (1965) 

Andr i l la t ,  Y. and Andri l la t ,  H., C. R., 258, 3199 (1964) 

A r p ,  H. C . ,  Science, 151, 1214 (1966) 

A r p ,  H .  C.,  p r iva te  communication (1966) 

A r p ,  H .  C., A t l a s  of Peculiar Galaxies, Ap. J. Suppl. ( i n  p r e s s )  (1966) 

Bahcall, J. N., Ap. J., 145, 684 (1966) 

Bahcall, J. N., Ap. J., 146, 615 (1966) 

Bahcall, J. N., Peterson, B. A., and Sc-midt, M., Ap. J., i45, 369 (19661 

Bahcall, J. N. and Salpeter,  E. E., Ap. J., 142, 1677 (1965) 

Bahcall, J. N. and Salpeter,  E. E., Ap. J., 144, 847 (1966) 

Barber, D. R., Donaldson, W., Miley, G. K., and Smith, H.,  Nature, 209, 
753 (1966) 

Barnes, R. C. ,  Ap. J., 146, 285 (1966) 

Barnothy, 3. M., A. J., 70, 666 (1965) 

Barnothy, J. M., A. J., 71, 154 (1966) 

22. Barnothy, M. F. and Barnothy, J. M.,  A.J., 71, 155 (1966) 

- 71 - 



23. 

24. 

25 
1 

26. 

27. 

28. 

33 9 

34 

35 

36. 

37 

38 9 

39 

40. 

41. 

42. 

43 

44. 

a 

Bennett, A.  S., Mem. R.A.S., 68, 163 (1962) 

Boccalet t i ,  D.,  de Sabbata, V. ,  and Gualdi,  C . ,  Nuovo Cimento, 45A, 
51-3 (1966) 

Bolton, J. G., Nature, 211, 917 (1966) 

Bolton, J. G., Clarke, M. E. ,  and Ekers, R. D. ,  A u s t .  J. Phys., 18, 
627 (1965) 

0 
Bolton, J. G., Clarke, M. E. ,  Sandage, A. R., and Veron, P., Ap. J., 

142, 1289 (1965) 

144, 860 (1966) 

F 
Bolton, J. G., Clarke, M. E., Sandage, A. R., and Veron, P., Ap. J., 

Bolton, J. G., and Ekers, J., A u s t .  J. Phys., 19, 275 (1966) 

Bolton, J. G., and Ekers, J., Aust. J. Phys., 19, 471 (1966) 
I 

Bolton, J. G., and Ekers, J., Aust. J. Phys., 19, 559 (1966) 

Bolton, J. G., Gardner, F. F., and Mackey, M. B.,  Aust. J. PhYS., 1'7, 

340 (1964) 

Bolton, J. G., and Kinman, T. D., Ap. J., 145, 951 (1966) 
Bolton, J. G., Shimmins, A. J., Ekers, R. D.,  Kinman, T. D., Lamla, E. ,  

and Wirtanen, C. A.,  Ap. J., 144, 1229 (1966) 

Bondi, H., Proc. Roy. Soc., 11282, 303 (1964) 

Buchdahl, H. A., phys. Rev., 116, 1027 (1959) 

Buchdahl, H. A., Ap. J., 146, 275 (1966) 

Burbidge, E. M.,  Proc. Liege Symposium, Ann.d'Ap., 28, 164 (1964) 

Burbidge, E. M., Ap. J., 142, 1291 (1965) 

\ 

Burbidge, E. M., Ap. J., 142, 1674 (1965) 

Burbidge, E. M., Ap. J., 143, 612 (1966) 

Burbidge, E. M., and Burbidge, G. R., Ap. J., 143, 271 (1966) 

Burbidge, E. M., and Kinman, T. D., AP. J., 145, 654 (1966) 

Burbidge, E. M.,  and Lynds, C. R., AP. J. , 147, 000 (1967) 

- 72 - 



45 

46. 

47 

48. 

49 

50. 

51. 

52 

53. 

54. 

55 

56. 

57. 

58 9 

59. 

60. 

61. 

62. 

63. 

64. 

65 

66. 

Burbidge, E. M., Lynds, C.  R., and Burbidge, G. R., Ap. J., 144, 447 (1966) 

Burbidge, E. M., and Rosenberg, F. D., Ap. J., 142, 1673 (1965) 

Burbidge, G. R., Ap.  J., 124, 416 (1956) 

Burbidge, G. R., Par i s  Symposium on Radio Astronomy, ed. R. N. Bracewell 

(Stanford University Press, p. 541) (1959) 

Burbidge, G. R., and Burbidge, E. M., "The St ruc ture  and Evolution o f  

Galaxies", 13 th  Solvay Congress (Wiley) p. 137 (1965) 

Burbidge, G. R., and Burbidge, E. M., "Quasi-Stellar Objects" (Freeman, 

i n  p re s s )  (1967) 

Burbidge, G. R., Burbidge, E. M., Hoyle, F., and Lynds, c. R.,  Nature, 

210, 774 (1966) 

Burbidge, G. R., Burbidge, E. M., and Sandage, A. R., Rev. Mod. fiys., 

35, 947 (1-963) 

Burbidge, G. R., and Hoyle, F., Nuovo Cimento, 4, 558 (1956) 

Burbidge, G. R., and Hoyle, F., S c i e n t i f i c  American, December (1966) 

Burbidge, G. R., St r i t tma t t e r ,  P. A., and Sargent, A .  ( i n  preparat ion)  

Cameron, A .  G. M., Nature, 207, 1140 (1965) 

Chandrasekhar, S., Phys. Rev. Lett., 12, 114, 4373 (1964) 

Chandrasekhar, S., Ap. J., 140, 417 (1964) 

Chandrasekhar, S., Phys. Rev. Lett., 14, 241; Ap. J., 142, 1488, 1519 (1965) 

Chavira, E., Bol. Tonantzintla y Tacubaya, No. 17, p.  1.5 (1958) 

Chavira, E., Bol. Tonantzintal y Tacubaya, No. 18, p. 3 (1959) 

Clark, B. G., and Hogg, D. E., Ap. J., 145, 21 (1966) 

Clarke, M. E., M.N., 127, 405 (1964) 

Clarke, M. E., Bolton, J. G., and Shimmins, A. J., A u s t .  J. PhyS., 19, 
375 (1966) 

Cohen, M. H . ,  Nature, 205, 277 (1965) 

Cohen, M. H.,  Gundermann, E. J., Hardebeck, H. E., Harris, D. E., 

Salpeter ,  E. E.,  and Sharp, L. E., Science 153, 744 (1966) 

- 73 - 



67. Cohen, M. H., Gundermann, E. J., Hardebeck, H. E., and Sharp, L. E., 

Ap. J., 147, 000 (1967) 

68. Colgate, S. A., p repr in t  (1966) 

69. 

70. 

Colgate, S. A., and Cameron, A. G. W., Nature, 200, 870 (1963) 

Colgate, S. A., and White, R. H., AP. J., 143, 626 (1966) 
t 

71. Conway, R. G., Kellerman, K. O., and Long, R. J., M.N.R.A.S., 125, 
261 (1963) 

72. Day, G. A . ,  Shirmnins, A. J., Ekers, R. D., and Cole, D. J., A u s t .  J. 

Phys., 19, 35 (1966) 

73. 

74 

Dent, W. A., Science, 148, 1458 (1965) 

Dent, W. A . ,  Ap. J., 144 843 (1966) 

75. 

76. 

Dent, W. A., and Haddock, F. T., Ap. J., 144, 568 (1966) 

Dibai, E. A., and Pronik, V. I., A s t r .  Tsirk., No. 286 (1964) 

77. Dibai, E. A., and Pronik, V. I., pr iva te  communication from I. S. Shklovslry 

(1966) a 78. Edge, D. O., Shakeshaft, J. R., McAdam, W. B., Baldwin, J. E., and 

Archer, S., Wrn.R.A.S., 67, 37 (1959) 

79. 

80. 

Ekers, R. D., and Bolton, J. G., A u t .  J. P~Ys., 18, 669 (1965) 

Ekspong, A. G., Yandagni, N. K., and Bonnevier, B., Phys. Rev. Lett., 

16, E564(c) (1966) 

81. 

82. 

Epstein, E., Ap. J., 142, 1282; 1285 (1965) 

Epstein, E., Oliver, J. P., and Schorn, R. A., AP. J., 145, 367 (1966) 
83. 

84. 

Faulkner, J., Gunn, J. C., and Peterson, B., Nature, 211, 502 (1966) 

Field, G. B., Ap. J., 140, 1434 (1964) 

85. 

86. 

87. 

88. 

Field, G. B., Science, 150, 78 (1965) 

Field,  G. B., Solomon, P. M., and Wampler, E. J., Ap. J., 145, 351 (1966) 

Ford, W. K., and Rubin, V. C. ,  AP. J., 145, 357 (1966) 
Fowler, W. A , ,  Proc. Ann. Sci. Conf. Bel fe r  Grad. School, Yeshiva 

University (Academic P r e s s )  (1965) 

- 74 - 



93 

94 

95 

96 

97. 

98 

99 

100. 

101. 

102. 

103. 

104. 

105. 

106. 

107. 

108. 

log. 

110. 

111. 

112. 

113. 

114. 

Fowler, W. A , ,  Ap. J., 144, 180 (1966) 

Fowler, W. A., and Hoyle, F., Ap. J. Suppl., 9, 201 (1965) 

Ginzburg, V. L., Soviet  Phys. Doklady, 9, 329 (1964) 

Ginzburg, V. L., and Ozernoy, L. M., Zh. Theor, Phys., 47, 1030; JEW, 

20, 489 (1964) 

Ginzburg, V. L., and Ozernoy, L. M., Ap. J., 144, 599 (1966) 

Goldsmith, D. W., and Kinman, T. D., Ap. J., 142, 1693 (1965) 

GOwer, J. F. R., Scot t ,  P. F., and Wills, D., Mem. R.A.S., i n  press  (1966) 

Greenstein, J. L., and Matthew, T. A., Nature, 197, 1041 (1963) 

Greenstein, J. L., and Schmidt, M., Ap. J., 140, 1 (1964) 

Griff in ,  R. F., A. J., 68, 421 (1963) 

Gun, J. E., and Peterson, B. A.,  Ap. J., 142, 1633 (1965) 

Haro, G., Bol .  (33s. Tonsntzintla y Tacubaya, Vol. 2, No. 14, p. 8 (1956) 

Haro, G., and Luyten, W. J., ibid. ,  Vol. 3, p. 37 (1962) 

Hazard, C., Mackey, M. B., and Nicholson, W., Nature, 202, 227 (1964) 

Hazard, C., Mackey, M. B., and Shimmins, A. J., Nature, 197, 1037 (1963) 

Hewish, A., Scot t ,  P. F., and Wills, D., Nature, 203, 1214 (1964) 

Hiltner ,  W. A., Cowley, A. P., and Schild,  R. E., P.A.S.P., 78, 464 (1966) 

von Hoerner, S., Ap. J., 144, 483 (1966) 

Hoyle, F., and Burbidge, G. R., Ap. J., 144, 534 (1966) 

Hoyle, F., and Burbidge, G. R., Nature, 210, 1346 (1966) 

Hoyle, F., and Burbidge, G. R. ,  Na tu re ,  i n  press (1966) 

Hoyle, F., Burbidge, G. R., and Sargent, W. L. W., N a t u r e ,  209, 751 (1966) 

Hoyle, F., and Fowler, W. A., M.N.R.A.S., 125, 1-69 (1963) 

Hoyle, F., and Fowler, W. A., Nature, 197, 533 (1963) 

Hoyle, F., Fowler, W. A., Burbidge, G. R., and Burbidge, E. M., Ap. J., 

139, 909 (1964) 

Hoyle, F., and Narlikar,  J. V., Proc. Roy. Soc.A,277, 1; 278, 465 (1964) 

- 75 - 



115. 

116. 

117. 

118. 
I 

119. 

120. 

121. 

122. 

123. 

124. 

125. 

126. 

127. 

Humason, M. L., Mayall, N. U. ,  and Sandage, A. R., A. J., 61, 97, 
Appendix B (1956) 

Humason, M. L. ,  and Zwicky, F., Ap. J., 105, 85 (1947) 

I r i a r t e ,  B., and Chavira, E , ,  Bol. Tonantzintla y Tacubaya, No. 16, 

P. 3 (1957) 

Jeffreys,  W. H.,  A .  J., 69, 255 (1964) 

Johnson, H.  L., Ap. J., 139, 1022 (1964) 

Johnson, H. L., and Low, F. E., Ap. J., 141, 336 (1965) 

Kardashev, N. S., A s t r .  Zh., 41, 807; Soviet  Astron., 8, 643 (1964) 

Kardashev, N. S. ,  and Komberg, B. V., A s t r .  Tsirk., No. 357 (1966) 

Kellerman, K., and Pauliny-Toth, I. K., Ap. J., 146, 000 (1966) 

Kinman, T. D.,  Ap. J., 142, 1241 (1965) 

Kinman, T. D., Ap. J., 144, 1232 (1966) 

Kinman, T. D , ,  Lamla, E., and Wirtanen, C. A., Ap. J., i n  press  (1966) 

128. Koehler, J., and Robinson, B. J., Ap. J., i n  press (1966) 

129. LeRoux, E., Ann. d'Ap., 24, 7 1  (1961) 

130. Longair, M. S., M.N., 129, 419 (1965) 

131. Longair, M. S., Nature, 211, 949 (1966) 

132. Low, F. E., AP. J., 142, 1287 (1965) 

133. Luyten, W. J., and Smith, J. A., Ap. J., 145, 366 (1966) 
l 3 h .  Lynds, C. R.,  Ap. J., 147, 000 (1967) 

134. Lynds, C. R., Discussion at Byurakan Conference (1966) 

135. m d s ,  C. R., H i l l ,  S. J., Heere, K., and Stockton, A. N., Ap. J., 144, 
1244 (1966) 

136. 

137. 

Lynds, C.  R., and Stockton, A. N., AP. J., 144, 446 (1.966) 

mds, C. R., Stockton, A. N. ,  and Livingstone, W. L., Ape J., 142, 

1667 (1965) 

138. Lynds, C. R., and Vi l le re ,  G., AP. J., 142, 1296 (1965) 

- 76 - 



1399 

140. 

141. 

142. 

143. 

144. 

145. 

146. 

147. 

148. 

149. 

150. 

151. 

152. 

15 3. 

154. 

1-55. 

156. 

157. 

158. 

159. 

160. 

161. 

162. 

163. 

164. 

Maltby, P., Matthews, T. A., and Moffett, A. T., Ap. J., 137, 153 (1963) 

Maltby, P., and Moffett, A. T., Ap. J., 142, 409 (1965) 

Maltby, P., and Moffett, A. T., Science, October 1, p. 63 (1965) 

Matthews, T. A., and Sandage, A. R., Ap. J., 1-38, 30 (1963) 

McCrea, W. H., M.N.R.A.S., 128, 336 (1964) 

McCrea, W. H., P.A.S.P., 78, 49; Ap. J., 1.44, 51.6 (1.966) 

M i l l s ,  B. Y., Slee,  0. B., and H i l l ,  E., Austr. J. PhyS., 11, 360 (1958) 

MILls, B. Y., Slee,  0. B., and H i l l ,  E., Austr. J. Phys., 13, 676 (1960) 

M i l l s ,  B. Y., Slee, 0. E., and H i l l ,  E., Austr. J. ~ Y s . ,  14, 497 (1961) 

Moffett, A. T., Science, 146, 764 (1964) 

Moffett, A. T., Ap. J., 141, 1580 (1965) 

Moffett, A. T., Ann. Rev. Astron. and Astrophys., 4, 145 (1966) 

Ne'eman, Y., Ap. J., 141, 1303 (1965) 

Noerdlinger, P., Ap. J., 143, 1004 (1966) 

Noerdlinger, P., Jokip i i ,  J., and Wolt j e r ,  L., p repr in t  (1966) 

Novikov, I. D., reported by V. A. Ambartsumian i n  "Structure and 

Evolution of Galaxies", 13th Solvay Congress, p. 172; JXTP, March 

1966; also Soviet  Astronomy, 41, No. 6 (1964) 

Oke, J. B., Nature, 197, 1040 (1963) 

Oke, J. B., Ap. J., 141, 6 (1965) 

Oke, J. B., Ap. J., 145, 668 (1966) 

Osterbrock, D. E., J. Planet. Space Sci. ,  11, 621 (1963) 

Osterbrock, D. E., and Parker, R. A .  R., AP. J., 143, 268 (1966) 

Ozernoy, L. M., A s t r .  J. U.S.S.R., 43, 300 (1966) 

Ozernoy, L. M., Soviet  Phys. Doklady, 10, 581 (1966) 

Pacini,  F., Nature, 209, 389 (1966) 

Piddington, J. H., M.N.R.A.S., 128, 345 (1964) 

Piddington, J. H., M.N.R.A.S., 133, 1-63 (1966) 

- 77 - 



165. 

166. 

167. 

168. 

169. 

170. 

171. 

172. 

1-73. 

174. 

175 

176. 

177 

178. 

179 

180. 

181. 

182. 

183. 

184. 

Pilkington, J. D. H., and Scot t ,  P. F., Mem. R.A.S., 69, 183 (1965) 

Price,  R. M., and Milne, D. K. ,  Aust. J. Phys., 18, 329 (1965) 

Read, R. B., Ap. J., 138, 1 (1963) 

Rees, M. J., Nature, 211, 468 (1966) 

Rees, M., and Sciama, D. W., Nature, 208, 371 (1965) 

Rees, M. J., and Sciama, D. W. ,  Nature, 207, 740 (1965) 

Rees, M. J., and Sciaaa, D. W., Ap. J., 145, 6 (1966) 

Roeder, R. C.,  and Mitchell, G. F., Nature, 212, 165 (1966) 

Roxburgh, I., Nature, 207, 363 (1965) 

Ftyle, M., and Neville, A., M.N.R.A.S., 125, 9 (1963) 

mle, M., and Sandage, A. R., Ap. J., 1-39, 419 (1964) 

Ftyle, M., and Scheuer, P. A .  G., Proc. Roy. SOC. A, 230, 448 (1955) 

Sandage, A. R., Sky and Telescope, 21, 148 (1961) 

Sandage, A. R., Ap. J., 139, 416 (1964) 

Sandage, A. R., Ap. J., 141, 1560 (1965) 

Sandage, A. R., Ap. J., 1.46, 13 (1966) 

Sandage, A. R., IAU Circ. No. 1961 (1966) 

Sandage, A. R., Ap. J., 144, 1234 (1966) 

Sandage, A. E., an6 L ~ k e i i ,  w., i n  p r e p E r Z t i C 3  (1967) 

Sandage, A. R., and Miller, W. C., AP. J., 144, 1240 (1966) 
# 185. 

186. 

187. 

Sandage, A. R., and Veron, P., AP. J., 142, 412 (1965) 

Sandage, A. R., Veron, P., and WYndham, J. D., AP- J., 142, 1306 (1965) 

Sandage, A. R., Westphal, J. A., and S t r i t t m a t t e r ,  P. A., Ap. J., 146, 

f 

322 (1966) 

188. 

189. 

1%. 

Sandage, A. R., and Wyndham, J. D., AP. J., 141, 328 (1965) 

Saslaw, W. C., Nature, 211, 729 (1966) 

Scheuer, P. A. G., Nature, 207, 963 (1965) 

- 78 - 



191. Scheuer, P. A. G., and Wills, D., Ap. J., 143,. 274 (1966) 

192. 

193. 

I 

194. 

195 

196. 

197 

198. 
199. 

200. 

201. 

202. 

203. 

a 204. 

205. 

206. 

207. 

208. 

209. 

210. 

211. 

212. 

213. 

214. 

Schmidt, M., Nature, 197, 1040 (1963) 

Schmidt, M., paper &ad a t  Second Texas Conference on R e l a t i v i s t i c  

A s  trophys i c s  , Austin, December (1964) 

Schmidt, M., Ap. J., 141, 1295 (1965) 

Schmidt, M., Ap. J., 144, 443 (1966) 

Schmidt, M., and Matthews, T., Ap. J., 1-39, 781 (1964). 

Sciama, D. W., M.N.R.A.S., 126, 195 (1963) 

Sciama, D. w., Science Progress, 53, 1 (1965) 

Sciama, D. W., and Rees, M. J., Nature, 211, 1283 (1966) 

Sciama, D. W., and Rees, M. J., p rep r in t  (1966) 

Sciama, D. W., and Saslaw, W. C., Nature, 210, 348 (1966) 

Scot t ,  P. F., and mle, M., M.N.R.A.S., 122, 381 (1961) 

S e t t i ,  G., and Woltjer, L., Ap. J., 144, 838 (1966) 

Sharov, A. S., and Efremov, Y. U., Int. B u l l .  on Var. S tars ,  No. 23, 

Com. 27, IAU (1963) 

Shimmins, A. J., Clarke, M. E., and Ekers, R. D., A u s t r .  J. Phys., 19, 
ooo (1966) 

Shklovsky, I. S., A s t r .  Zh., 4-1, 801 (1964); Soviet  Astronomy A. J., 8, 
F 0 f q n [ r \ .  
030 \ L Y U J j j  Asti-on. Cirz. ??e. 303 ('964) 

Shklovsky, I. S., Proceedings of Byurakan Synrposium (1966) 

Sholomitsky, G. B., Int. B u l l .  Var. S ta rs ,  Com. 27, IAU, No. 83 (1965) 

S l i sh ,  V. I., Nature, 199, 682 (1963) 

Smith, H. J., and Hoff le i t ,  D., Pub. A.S.P., 73, 292 (1961) 

Smith, H. J., and Hoff le i t ,  D., Nature, 198, 650; Smith, Dallas Synp. Vol. 

Pa 227 (1963) 

Spi tzer ,  L., and Saslaw, W. C., Ap. J., 143, 400 (1966) 

Ste in ,  w., prepr in t  (1966) 

Stockton, A. N., and m d s ,  C. R., AP. J., 144, 451. (1966) 

- 79 - 



215. 

216. 

Stothers,  R., M.N.R.A.S., 132, 217 (1966) 

S t r i t t m t t e r ,  P. A., unpublished (1966) 

217. S t r i t t m a t t e r ,  P. A., and Burbidge, G. R., Ap. J., i n  press (1966) 

218. S t r i t t m a t t e r ,  P. A., Faulkner, J., and Walmsley, M. Nature, , (1966 1 
219. S t u r k c k ,  P. A., Nature, 208, 861 (1965) 

220. 

221. 

Sturrock, P. A , ,  Nature, 211, 697 (1966) 

Terrell, J., Science, 145, 918 (1964) 

222. 'Perrell, J., prepr in t  (1966) 

223. 

224. 

225. 

226. Wagoner, R., F'hys. Rev. Lett., 16, V503(c) (1965) 

van den Bergh, S., Ap, J., 144, 866 (1966) 

Veron, P., Nature, 211, 724; Ann.  d'Ap., 29, 231 (1966) 

Veron, P., Ap. J., 141, 1284 (1965) 

/ 

/ 

227. wil l iams ,  I. P., phys. kt t . ,  14, 19 (1965) 

228. Will iams,  P. J. S., 'Nature, 200, 56 (1963) 

229. Will iams,  P. J. S., Nature, , (1966) a 
230. Wills, D., ObseWatory, i n  press (1966) 

231. 

23la. 
cJc. 0 90 

Woltjer, L., "Structure and Evolution of Galaxies", 13th Solvay Congress, 

Woltjer, L., AP. J., 146, 597 (1966) 
W e Y )  P. 30 (1965) 

$ ~ ~ d h s = ,  J. D.,-A. A ,  70, $4 (1965) 

233. 

234. 

wpaham,  J. D., AP. J., 144, 459 (1.966) 
Wyndham, J. D., p r e p r i n t  (1966) 

235. zapolslry, H. S., Science, 1-53, 635 (1.966) 

236. Zeldovich, Ya. B., Okun, L., and Pikelner, S. B., phys. Lett.,  17, 164 
(1965 1 

- 80 - 



Table I 

LIST OF QUASI-STELLAR OBJECTS 
, 

m 2 B-V U-B d1950) 6( 1950) V 
OBJECT 

PI& 658 

3c 2 

3c 9 
MSH 00-29 

PHL 6638 

PHL 923 

PI& 938 

PKS 0106 + 01 

PKS 0114 + 07 

3c 39 

- 

3c 47 

3c 48 

PHL 1078 

T Z  IC93 

PHL 3740 

3c 57 

PHL 1305 

PHL 1377 

3c 93 

PKS 0347 + 13 

MSH 03-19 - 

Oh 03m 25?4 ( r ad io )  

0 03 48.70 

0 17 49.83 

0 22 01 

0 44 35.3 (radio) 

0 56 31.7 

0 58.2 

1 06 04 

1 14 49.7 

1 18 27.6 

1 22 55.5 

1 27 15.18 

1 33 40.30 

1 34 49.8 

1 35 29.1 (radio) 

1 37 22.9 (redin) 

1 44 14.9 (radio) 

1 59 30.4 

2 26 21.6 ( rad io)  

2 32 36.4 ( rad io)  

3 40 51.47 

3 47 14.0 

3 49 9.5 

+15O 53'10'' 

-00 21 06.6 

+15 24 16.5 

-29 45.5 

-07 22.0 

-00 og 16 

+01 56 

+01 19.0 

+07 26.3 

+03 28 19 

-00 21 34 

+23 22 52.0 

+2O 42 16.0 

+32 54 20 

-05 42.1 

+01 16.3 

-05 54.2 

-11 47 0 

-03 54.3 

-04 16.9 

+04 48 21.6 

+13 io 01 

-14 38 07 

- 81 - 

16.40 0.450 +0.11 

19-35 1.037 +0*79 

18.21 2.012 +0.23 

(20) 

17-72 +o .18 

17-33 0.717 +O.20 

17.16 1.93 C0.32 

18.39 2.107 +0.15 

(18) 

(16) 
(20.0) 

18.1 

16.2 

18.25 

17.07 

18.61 

16.40 

16.96 

16.46 

18.09 

(19) 
16.24 

1.070 

0.425 

0.367 

0.308 

0.262 

2.064 

1.439 

0.614 

+0.05 

+O .42 

-0.04 

+o. 05 

+o. og 

+O. 14 

+O. 07 

+o. 15 

+O* 35 

+0.11 

-0.70 

-0.96 

-0.76 

-0.69 

-0.70 

-0.88 

-0.70 

-0.65 

-0 .9  

-0.81 

-1.02 

-0.65 

-0- 73 

-0.82 

-0.89 

-0.50 

-0.65 



3c 94 

PKS 0403-13 

MSH 04-12 

3c 119 I 

3c 138 

- 
I 

3C 147 

PKS 0541-24 

3c 172 

3C 175 

3C 175.1 

3c 181 

PKS 0736 + 01 

3c 186 

3c 190 

3c 191 

3c 196 

PKS 0812 + 02 

PKS 0825-20 

4C 37.24 

3c 204 

3C 205 

3C 207 

3c 208 

PKS 0859-14 

4c 22.22 

3C 215 

3C 217 

3C 216 

PKS 0922 + 14  

3h 50m 04s1 

4 03 14.0 

4 05 27.4 

4 29 07.84 

5 18 16.5 

5 38 43.5 

5 41 09.5 

6 59 04.5 

7 10 15.3 

7 11 14.3 

7 25 20.36 

7 36 42.4 

7 40 56.67 

7 58 44.1 

8 02 3.78 

8 09 59.4 

8 12 47.2 

8 25 03.4 

8 27 55.0 

8 33 18.23 

8 35 10.6 

8 38 01.7 

8 50 22.79 

8 59 55 

9 01 56.5 

9 03 44.2 

9 05 41.0 

g 06 17.26 

g 22 22.27 

-07' 19'55" 

-13 16 16 

-12 19 34 

+4i 32 08.7 

+16 35 26 

+49 49 43 

-24 22.7 

+25 17 36 

+1i 51 30 

+14 41 33 

+14 43 47.2 

+01 43 57 

+38 00 31.9 

+i4 23 o 

+ io  23 58.1 

+48 22 08 

+02 04 11 

-20 16 31 

+37 52 20 

+65 24 05.9 

+58 04 46 

+13 23 05.4 

+14 03 58.3 

-14 03 37 

+22 31 36 

+16 58 16 

+38 00 27 

+43 05 59.0 

+14 57 26.2 
- 82 - 

(17.5) 

(18) 

(16) 

(90.0) 

17.9 

16.9 

(17.2) 

(17.5) 

(18.0) 

18,92 

(18) 

17.60 

17.46 

18.4 

i7.6 

(17) 

(18) 

(18.2) 

18.21 

(17.8) 

18.15 

17.42 

(17.8) 

(19.0) 

18.27 

18.50 

18.48 

17.96 

0,962 

0.571 

0.760 

0.545 

0.768 

1.382 

0.191 

1.063 

1.946 

0.872 

0.914 

1.112 

0.683 

1.110 

1 327 

0.411 

0.895 

+0.23 

+ O s  35 

+0.43 

+0.45 

-0.20 

+0.25 

+0.60 

+O* 55 

+O. 43 

+o. 34 

+0.21 

+0.25 

+0.49 

+o. 54 

-0.38( red- 

-0.59 
denned) 

-1.02 

-0.71 

-0.90 

-0.84 

-0.43 

-0.99 

-0.42 

-1.00 

-0.66 

-0.86 

-0.60 

-0.52 



4C 39.25 gh 23m 5554 +39' 15'24" 

3C 230 9 49 25.5 +oo 12 57 
3C 232 = Ton 469 9 54 31 (radio) +32 37 

0952 18 9 52 11.92 +17 57 46.6 

PKS 0957 + 00 9 57 43-84 +00 19 50.0 
I 

3c 239 i o  08 37.5 +46 43 15 

3c 245 10 40 06.11 +12 19 15.1 

PKS 1049-09 i o  48 59.5 -09 02 12 

PKS 1040 + 12 10 40 05.9 +12 19.3 

3C 249.1 11 00 30.56 +77 15 08.1 

3C 254 11 11 53.35 t40 53 42.0 

PKS 1116 + 12 11 16 20.79 +12 51 06,3 

PKS 1127 - 14 11 27 35.6 -14 32 57 

3c 261 11 32 16.31 +30 22 1.0 

PKS 1136 - 13 11 36 38.6 

0 3c 263 11 37 09.38 

-13 34 Oq 

+66 04 25.9 

PKS 1148 - 00 11 48 10.2 -00 07 15 

4c 31.38 11 53 44.4 +31 44 47 

3C 268.2 11 58 22.5 +31 50 08 

3C 268.4 12 06 41.7 +43 56 05 

PKS 1217 + 02 12 17 38.35 +02 20 20.9 

4C 21.35 12 22 23.5 +21 39 27 

Ton 1530 12 22 57 +22 53 

3C 270.1 12 18 04.00 +33 59 50.0 

3C 273 12 26 33.35 +02 19 42.0 

PKS 1229 - 02 12 29 25.9 -02 07 31 

PKS 1233 - 24 12 32 59.4 -24 55 46 

PKS 1237 - 10 12 37 07.3 -10 07 04 

(17.3) 

(17.5) 

15.78 

(17.7) 

17.57 

(17- 5) 

17.25 

16.79 

(18) 

15.72 

17.98 

19.25 

16.90 

18.24 

(17) 

16.32 

17,60 

(19.4) 

18.31 

18.42 

16.53 

18.61 

(18.0) 

(16.8) 

12.8 

16.75 

(17) 

(18.2) 

0 699 

0.53 

1.471 

0 .  go6 

1.029 

0.311 

0.734 

2.118 

1.187 

0.614 

0.652 

1.982 

1.557 

1.400 

0.240 

1.519 

0.433 

2.051 

0.158 

+o. 10 

+O. 47 

+0.45 

+0.06 

-0.02 

+o. 15 

+0.14 

+0.27 

+O. 24 

+O. 18 

+O. 17 

+O. 42 

+o. 58 

+o. 02 

+o. 19 

+0,21 

+0,48 

-0.68 

-0.71 

-0.83 

-0.49 

-0.77 

-0.49 

-0.76 

-0.70 

-0.56 

-0:20 

-0.69 

-0.87 

-0.61 

-0.85 

-0.66 
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3C 275.1 

BSO 1 

3C 277.1 

PKS 1?52 + 11 

3c 279 

3c 280.1 

3c 281 

4c 22.38 

PKS 1327 - 21 
3C 287 

3C 286 

MSH 13-011 

3c 288.1 
- 

3C 298 

0 4C 20.33 

MSH 14-121 

PKS 1454 - 06 

- 

PKS 1514 + 00 

3C 323.1 

MSH 16 + 02 

Ton 256 

3c 334 

3C 336 

3c 345 

3C 351 

3c 380 

12h 41m 27568 

12 46 29 

12 50 15.31 

12 52 07.86 

12 53 35.94 
12 58 14.15 

13 05 22.52 

13 24 29.9 

13 27 23.2 

13 28 16.12 

13 28 49.74 

13 35 31.34 

13 40 30.4 

13 54 42.3 

14 16 '38.59 

14 22 37.5 

14 53 12.22 

14 54 02.7 

14 58 57.6 
15 10 08.9 

15 14 14.8 

15 45 31.2 

16 03 39.5 

16 12.0 

16 18 07.40 

16 22 32.45 

16 41 17.70 

17 04 03.58 

18 28 13.38 

+16' 39'18:'7 

+37 46 25 

+56 50 37.0 

+11 57 20.8 

-05 31 08.0 

+40 25 15.4 

+06 58 16.4 

+22 58 22 

-21 26 34 

+25 24 37.1 

+30 45 59.30 

-06 11 57.4 

+Go 36 55 
+l9 33 41 

+06 41 41.52 

+20 13 49 

-10 56 39.9 
-06 05 45 

+71 52 19 
=ofj 54 rcfj 

+oo 26 01 

+21 01 34 

+OO 07 55 

+26 13 

+17 43 30.5 

+23 52 00.7 

19.00 

16.98 

17- 93 

16.64 

17.8 

19.44 

17.02 

(18.9) 

16.74 

17.67 

17- 30 

17.68 

18.12 

16.02 

16 79 

(17.1) 

17- 37 
18.0 

16.78 
1L K-3 *". ,- 
(19) 

05.8) 

(18.0) 

15.91 

16.41 

17.47 

+39 54 11.1 16-17-30 

+60 48 29.9 15.28 

+48 42 39.3 16.81 
- 34 - 

0.557 
1.241 

0.320 

0.871 

0.538 

1.659 

0.528 

1.055 

0.849 

0.625 

0.961 

0. po 

1 439 
0.871 

0.940 

1.249 

0.904 

0. $1 

0.264 

0.131 

0.555 

0 927 

0.595 

0.371 
0.692 

t0.23 

to. 31 

-0.17 

t0035 

t0.26 

-0.13 

+O. 13 

+o. 10 
+0.63 

c0.22 

+0.14 

+0*39 

+o. 18 

+o* 33 

+0.44 

+0.60 

+O. 46 

+o. 17 

+o. 57 

+0.12 

+O. 44 

+0.29 

+0.13 

+0.24 

-0.43 

-0.78 

-0.78 

-0.75 

-0.56 

-0 70 

-0.59 

-0.54 

-0.65 

-0.84 

-0.66 

-0.82 

-0.55 

-0.70 

-0.76 

-0.77 

-De 74 

-0.84 

-0.79 

-0- 79 

-0.50 

-0.75 

-0.59 



PKS 2115 - 30 

3c 432 

3c 435 
PKS 2145 + 06 

PKS 2146 - 13 
I 

% 

PKS 2154 - 18 
PKS 2216 - 03 
3c 446 

PHL 5200 

CTA 102 

3c 454 

3c 454.3 
PKS 2251 + 11 

4C 29.68 = CTD 141 

PKS 2344 + 09 

21h 15m llsl 

21 20 25.64 

21 26 37.6 

21 45 36.0 

21 46 46.1 

21 54 12.5 

22 16 16.3 

22 23 11.05 

22 25 50.6 

22 30 07.71 

22 49 07.86 

22 51 29.61 

22 51 40.5 

23 25 41.3 

23 44 04.0 

-3C0 31'50" 

+iO 51 46.0 

+07 19 49 

+06 43.7 

-13 18 24 

-18 28.5 

-03 50 43 
-05 12 17.0 

-05 30.6 

+ii 28 22.8 

+18 32 46.6 

+15 52 53.6 
+ii 20.6 

+29 20 36 

+Og 14.0 

+0.49 -0.54 

1.805 +0.22 -0.79 

1,800 

0. go1 

1.403 +O.44 -0.90 

1.981 

1.037 +0.42 -0.79 

1.757 +0.12 -0.95 

0.859 +0.47 -0.66 

1.012 
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Table I1 

QUASI-STELLAR OBJECTS WITH REDSHIFTS 

Object z Reference Object z Re fe rence 

Ton' 256 

3C 273 

PKS 0736+01 

PKS 1217+02 

PHL 1093 

3C 323.1 

PHL 1078 

3C 249.1 

3C 277.1 

PKS 1510-08 

3c 48 

3 351 

3C 215 

3c 47 

4c 21.35 

FHL 658 

PKS 1327-21 

3C 232 

3C 279 

3c 147 

3c 334 

3C 275.1 

PKS 0403-13 

3c 345 

0.131 

0.158 

0,191 

0.240 

0.262 

0.264 

0.308 

0.311 

0.320 

0.361 

0.367 

0.371 

0.411 

0.425 

0.433 

0. k;o 

0.528 

0.534 

0.538 

0.545 

0.555 

0.557 

0.571 

0.595 

195, 105 

43 

96 
137 

135 

196 

43, 134a 
12h 
LJ 

43 
* 

1-37, 46 

196 

137, 40 

135 

134a 

137, 40 
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PKS 2216-03 

3c 309.1 

PKS 0957+00 

4C 37.24 

3c 336 

MSH 14-121 - 
3c 288.1 

3c 94 

4c 29.68t 

3C 245 

CTA 102 

3c 2 

3c 287 

3c 186 

PKS 0122-00 

_?c 208 

3C 204 

PKS 1127-14 

Bso 1 

PKS 1454-06 

PKS 0859-14 

3c 181 

3c 268.4 

3c 446 

0.91 

0.904 

0. go6 

0.914 

0 927 

0.940 

0.961 

0.962 

1.012 

1.029 

1.037 

1.037 

1.055 

1.063 

1.070 

1.110 

1.112 

1.187 

1.241 

1.249 

1.327 

1.382 

1.400 

1.403 

134a 

43, 134a 

135, 105 

134a 

135 

39, 195 
Y 

134a 

195, 1 3 4 ~ ~  

194, 137 

194 

134e, 

194 

1-35 

134a 

41, 1.95 

195 

43 

179 

43 

43 

195 
* 

40, 195 



MSH 03-19 - 
3c 261 

MSH 13-011 - 
3C 263 

3c 175 

3c 286 

3c 454.3 

PKS 1252+11 

0.614 

0.614 

0.625 

0.652 

0.683 

0.692 

0.699 

0 717 

0.720 

0.734 

0.760 

0.768 

0.849 

0.859 

0.871 

0.871 

0.871 

0 895 

1-95 

1351 43 

43 

87 

134a 

179, 40 

135, 43 

134a 

43 

194 

135, 43 

134a 

137 

134a 

137, 195, 105 

135 

135 

135, 105 

PHL 1377 

3c 298 ' 

0952 +18 

3C 270.1 

4c 21.38 

3c 280.1 

3c 454 

PKS 2146-13 

3C 432 

938 

3c 191 

PHL 5200 

PKS 1148-00 

3c 9 

Ton 1530 

PHL 1305 

PKS 0106~1 

PKS 1116+12 

1.439 

1.439 

1.471 

1 519 

1.557 

1.659 

1 757 

1.800 

1.805 

1.93 

1.946 

1.981 

1.982 

2.012 

2.051 

2.064 

2.107 

2.118 

135 

t 
195 

43 

135 

1-95 

134a 

195 

126 

45, 214 

134a 

43 

194 

105 

134a 

41 

195, 136 

* M. Schmidt, i n  preparation 

j 4c 29.68 = CTD 141 

C. Hazard, M. Schmidt, E. M. Burbidge, i n  preparation 


